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General Introduction 
 
The world population is expected to reach 9.1 billion by the year 2050 with 
the current annual growth rate of 1.2 % and the tropical regions of the world 
will be mostly accounted for this trend (UN, 2001; Cohen, 2005; UN, 
2005). Increasing food productivity for food security is very essential in 
many tropical countries (FAO, 2005) and one direct consequence of the 
booming food production is the threat to natural ecosystems. The situation 
is especially alarming in tropical ecosystems because biodiversity is higher 
than in temperate regions (Lacher and Goldstein, 1997). Tropical 
ecosystems, although a relatively small fraction of the land surface of the 
earth (26%), hold a very high primary productivity (Deshmukh, 1986). 
Sustainability of such systems is directly linked to attainment of equilibrium 
between human needs such as agricultural production and environmental 
damage. Some decades ago Chang (1968) already stressed the importance 
of deliberate planning in maintaining such a balance, which is still lacking 
in tropical ecosystems. 
 A significant proportion of the world’s biodiversity is recorded in agro-
ecosystems (Pimentel et al, 1992). The increasing use of agrochemicals in 
such systems affects non-target organisms in soil and water (Abdullah et al, 
1997; Reinecke and Reinecke, 2007) and is often a major factor 
contributing to declining biodiversity (Barr et al, 1993; Chamberlain et al, 
2000; Robinson and Sutherland 2002; Benton et al, 2003; Bianchi et al, 
2006). Nevertheless agricultural production is directly linked with the 
number and quantity of agrochemicals used (Klassen, 1995; Matson et al, 
1997; Carvalho, 2006), illustrating the trade-off between food production 
and biodiversity. 
 
Pesticide use and trends in Sri Lanka 
 
The increasing use of agrochemicals is well illustrated by world crop 
protection product sales. Table 1 shows the growth of the global crop 
protection market by product sector during 2006- 2007. The global market 
value for crop protection products rose by 9.7% in 2007 compared to 2006. 
Fungicides highly contributed to this trend followed by herbicides and 
insecticides and market performance of tropical regions like Latin America, 
Middle East/Africa and Asia is very strong (Table 2). 
 This general trend of increased pesticide use in the world also holds for 
Sri Lanka, where the use of agrochemicals has been steadily increasing in 
spite of more or less constant agricultural production. The development of 
the volume index of agriculture production in Sri Lanka during 1995-2005 
compared to the base period of 1977-1979 is given in Figure 1 together with 
the annual consumption of pesticides in the same period. The volume index  
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Table 1. Global crop protection market growth by product sector during 
2006-2007. Values are given in nominal US dollars. 
 
     2006 (M$) 2007 (M$) Growth (%) 
Herbicides 14,805 16,115 8.8 
Insecticides 7,380 8,016 8.6 
Fungicides 7,180 8,105 12.9 
Others 1,060 1,154 8.9 
Total 30,425 33,390 9.7 
 
 Source: Crop Life International (2008) 
 
 
Table 2. Global crop protection market growth by region (2006-2007). 
Values are given in nominal US dollars.  
 
 2006 (M$) 2007 (M$) Growth (%) 
NAFTA 7,379 7,507 1.7 
Latin America 5,203 6,170 18.6 
Asia 7,405 7,815 5.5 
Europe 9,217 10,568 14.7 
Middle East/ Africa 1,221 1,330 8.9 
Total 30,425 33,390 9.7 
Source: Crop Life International (2008) 
 
 
of production is based on the sum of price-weighted quantities of different 
agriculture commodities produced after deduction of the quantities used as 
seed and feed and weighted in a similar manner. It clearly shows that 
agrochemical consumption is increasing; herbicides are mostly consumed 
followed by insecticides and fungicides. The pesticide market in Sri Lanka 
is mainly dependent on imported formulations rather than on technical 
grade materials with the use of the latter being more or less constant from 
1995 to 2005 (Figure 2).  
 In Sri Lanka carbamates, organophosphate insecticides, phenoxy and 
amide herbicides and inorganic and dithiocarbamate fungicides are the most 
used groups of pesticides. This is also illustrated by recent data on local 
pesticide sales from 2000-2005 (Table 3). Pesticides commonly used in the 
region itself may vary according to the country based on different 
registration and regulation procedures. On a global scale, Class II 
insecticides, which are classified as “moderately hazardous” by the World 
Health Organization  (WHO) based on the human health risks are on top of 
the list, however, in Sri Lanka, carbofuran (classified as "highly  
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Figure 1. Annual consumption of pesticides by product sector in Sri Lanka 
and volume index of agriculture production during 1995-2005 (Source: 
Pesticide registrar’s office, Department of Agriculture, Sri Lanka and 
Department of  Census & Statistics, Colombo, Sri Lanka).    
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Figure 2. Imports of pesticide technical products and formulations to Sri 
Lanka during 1995-2005 (Source: Pesticide registrar’s office, Department 
of Agriculture, Sri Lanka).    
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Chapter 1 
hazardous") is the most used pesticide. Generally the choice of pesticides in 
Sri Lanka is still much better compared to other tropical countries like 
Thailand, India and African counterparts, where chemicals banned in 
Europe and America, such as organochlorines, are still being produced and 
used. 
 
 
Table 3. Local sales of commonly used pesticides in Sri Lanka during 
2000-2005 (Source: Pesticide registrar’s office, Department of Agriculture, 
Sri Lanka) and hazard classification of pesticides according to WHO 
(2004).  
 
Local sales (Mt) Pesticide Hazard 
Classification 2000 2001 2002 2003 2004 2005 
Insecticides 
Carbofuran 
 
1b 
 
1068
 
947 
 
1050 
 
939 
 
756 
 
1057 
Diazinon 11 309 119 236 259 360
Chlorpyrifos 11 217 214 285 289 258
Phenthoate 11 159 205 188 40 207
Dimethoate 11 160 131 109 157 173
Weedicides 
Glyphosate 
 
U 
 
836 
 
770 
 
963 
 
1271
 
1525
 434 
 334 
 280 
 178 
 
 
1827 
Propanil 111 797 802 736 817 855
MCPA 111 257 343 625 530 527
Diuron U 29 28 40 47 46
Alachlor 111 11 3 5 7 5 
Fungicides 
Mancozeb 
 
U 
 
193 
 
214 
 
258 
 
333 
 
365 
 725 
 523 
 49 
8 
 
416 
Sulphur U 35 44 70 86 12
Cu Oxychloride 111 116 108 80 77 67 
Maneb U 76 61 97 93 91
Cu hydroxide 111 13 11 13 22 27
9 111 
58 
 103 
 27 
  
1b: highly hazardous, 11: moderately hazardous, 111: slightly hazardous, U: unlikely to 
present acute hazard in normal use      
 
 
Tropical ecotoxicology and risk assessment 
 
Tropical ecotoxicology is the science that studies adverse effects of 
xenobiotics on natural organisms under tropical conditions. This approach 
is unique compared to traditional ecotoxicology since it has to deal with 
biotic and abiotic factors in a system that is very different from the 
temperate regions. Tropical ecotoxicology is also incorporating 
socioeconomic, cultural and political aspects because agricultural 
management decisions are directly affecting the lives of families in local 
villages (see also Lacher and Goldstein, 1997). The greatest challenge in 
tropical ecotoxicology is to assess the ever growing use of agrochemicals 
14 
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and their effects on the ecosystem. Nevertheless, assessing such effects 
should be a major consideration when aiming for sustainable development 
in tropical regions. Unfortunately assessment systems incorporating 
sustainability considerations are lacking in tropical regions due to various 
reasons. A lack of information on the side-effects of pesticides on major 
ecological processes has been identified as a major obstacle in establishing 
sustainable agriculture in tropical conditions (Van den Brink et al, 2003). 
 Information on the impacts of agrochemicals on human health (Roberts 
et al, 2003; Perera et al, 2008; Samarawickrema et al, 2008; Mohamed et 
al, 2009) and aquatic organisms (Castillo et al, 1997; Guruge and Tanabe, 
2001; Satapornvanit et al, 2004, De Silva and Samayawardehena, 2005, 
Chandrasekara and Pathiratne, 2007; Daam et al, 2009a) is available 
compared to only limited data on effects on soil organisms. This limited 
information on the effects of pesticides on soil organisms includes some 
studies with non-standardized methods (Senapati et al, 1991; Verma and 
Pillai, 1991; Rao and Kavitha, 2004) and also with standardized methods 
(Helling et al, 2000; Römbke et al, 2007; Garcia et al, 2008). Nevertheless 
the use of a proper risk assessment scheme for soil organisms in tropical 
risk assessment is limited due to scarcity of data. The complexity of 
ecological processes in soil and their interactions under tropical conditions 
also demands more data when assessing such risks. Therefore assessing the 
effects of agrochemicals under these conditions is a prerequisite. Pesticide 
regulation and risk assessment in tropical areas are still largely dependent 
on temperate data, which represent temperate species and conditions. In 
aquatic ecosystems it has been shown that temperate data could also be used 
in tropical conditions (Castillo et al, 1997; Karlsson, 2004; Maltby et al, 
2005; Kowak et al, 2007; Daam et al, 2009b). In soil ecosystems this 
approach may not be appropriate while assessing pesticide effects on soil 
ecosystems under tropical conditions is very essential in view of the 
sustainability aims. 
 
Pesticide toxicity in the tropics 
 
It is expected that toxicity of a pesticide in tropical regions may not be 
comparable with other geographically distinct ecosystems in the world. 
Both the fate and the effects of the pesticide could be different in tropical 
ecosystems compared to other regions (Bourdeau et al, 1989; Lacher and 
Goldstein, 1997) and this could also depend on the type of pesticide 
(Garcia, 2004). Higher temperature and humidity unique to tropical 
climates are the main environmental differences. In addition, tropical 
species might have a greater or lesser innate sensitivity to a pesticide, even 
when conditions are the same. 
 There are two possible hypotheses to explain differences in pesticide 
toxicity in tropical conditions. On the effects side, higher temperatures and 
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humidity may increase the overall activity of living organisms. The 
resulting higher uptake of pesticides may cause more serious adverse 
effects. Alternatively, exposure conditions may vary in tropical conditions 
mainly due to degradation and sorption, two key processes that determine 
pesticide fate in soil. Degradation rates may depend on physico-chemical 
and biological properties of the soil (Rao et al, 1983) and especially humid 
tropical climates may enhance the degradation of a chemical due to 
hydrolysis, volatilization and other degradation processes (Klein, 1989; 
Viswanathan and Krishnamurti, 1989; Racke et al, 1997; Laabs et al, 2002). 
On the other hand, sorption may mainly depend on the organic matter 
content (Spark and Swift, 2002; Coquet, 2003) and higher variability of soil 
structure in tropical regions may therefore significantly affect 
bioavailability. In addition a more active microbial community may 
enhance the biodegradation of a pesticide (Abdullah et al, 1997; Singh et al, 
2003). The overall effects of all these processes may result in lower as well 
as higher availability of pesticides in the tropical ecosystem resulting in 
lower as well as higher toxicities to soil organisms. 
 Since predictions on the risks of pesticides in tropical ecosystems are 
difficult to make, more experimental work is necessary. This thesis reports 
on such work, focusing on earthworms. 
 
Earthworm ecotoxicology 
 
Earthworms play a vital role in soil ecosystems and their presence to sustain 
a healthy soil was already highlighted by Charles Darwin (Darwin, 1881). 
Their contribution to complex processes such as litter decomposition, 
nutrient cycling and soil formation is very important hence presence of 
earthworms is beneficial to agro-ecosystems (Edwards and Fletcher, 1988; 
Lavelle, 1988; Lavelle et al, 1997; Edwards, 1998; Eriksen-Hamel and 
Whalen, 2007). As a major component of the soil ecosystem they are 
susceptible to xenobiotics like pesticides and effects could be seen at the 
species, population and even the community level (Edwards and Bohlen, 
1992). In fact it was Kennel (1972, 1990) who first reported that reduced 
litter decomposition in orchards could indicate pesticide effects on 
earthworms. Since then, the use of earthworms in ecotoxicological studies 
is common and a large database on pesticide effects on earthworms exist 
(Spurgeon et al, 2003; Frampton et al, 2006), varying from biomarkers (Van 
Gestel and Weeks, 2004; Rodriguez-Castellanos and Sanchez-Hernandez, 
2007) to field effects (Förster et al, 2006; Reinecke and Reinecke, 2007; 
Casabé et al, 2007). Linking effects reported in the laboratory to field 
conditions was a challenge and nevertheless extrapolation of such data to 
realistic conditions was rather successful (Heimbach, 1992; Van Gestel, 
1992; Kula, 1995; Holmstrup, 2000; Jänsch et al, 2006)). Unfortunately 
most of these studies were focused on conditions representing North 
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America and Europe and therefore they may not be applicable to tropical 
conditions. 
 Eisenia fetida and Eisenia andrei have been the standard species in 
earthworm ecotoxicology especially in the temperate regions (see Jänsch et 
al, 2005). A relatively short life cycle, a high cocoon production, 
continuous breeding and easy culturing under laboratory conditions have 
made them suitable model species. One main advantage of using Eisenia sp. 
in toxicity studies is their cosmopolitan distribution (Blakemore, 2006), 
which explains why it also has been used in tropical ecotoxicity studies 
(Garcia, 2004). However, species belong to the genus Eisenia are primarily 
vermicomposting worms and their ecological role in natural soil ecosystems 
is rather questionable. Therefore linking effects observed in Eisenia sp. to 
ecologically relevant species is a concern. This makes it even more vital to 
use indigenous tropical species for toxicity testing. So far other species like 
Perionyx sp. from the family Megascolecidae (Callahan et al, 1994; 
Maboeta et al, 1999; Reinecke et al, 2001; Muthukaruppan et al, 2004), 
Lampito mauritii (Megascolecidae) (Reddy et al, 1984; Santhanam et al, 
1992), Eudrilus eugeniae (Eudrilidae) (Callahan et al, 1994; Fitzgerald et 
al, 1996; Reinecke et al, 2001) and Pontoscolex corethrurus 
(Glossoscolecidae) (Garcia, 2004) have been used in ecotoxicity studies. 
This limited information on tropical species is rather inadequate and the use 
of local species in earthworm toxicity tests is therefore of high priority. 
 
Outline of the thesis 
 
The main objective of this thesis is to assess pesticide effects on 
earthworms under tropical conditions by laboratory studies using different 
endpoints and linking such effects to earthworm community structure and 
functioning of soil ecosystems. The second aim was to develop soil 
ecotoxicological methods for tropical regions. 
 In Chapter 2, effects of three commonly used pesticides on the standard 
earthworm test species Eisenia andrei at two different temperatures 
representing temperate (20 0C) and tropical (26 0C) conditions were 
investigated. Different soils representing both tropical and temperate 
conditions were included to determine the possible effects of soil types. The 
endpoints measured were survival, reproduction and growth.  
 The standard test species Eisenia andrei and Eisenia fetida have been a 
popular choice in soil ecotoxicology for decades, nevertheless these species 
are rarely found in natural ecosystems. Therefore toxicity data generated 
through these species may not be ecologically relevant and the use of local 
species should be encouraged in tropical ecotoxicology. In Chapter 3, 
toxicity of chlorpyrifos, carbofuran and mancozeb on the same endpoints 
was investigated using the tropical earthworm species Perionyx excavatus 
and compared with Eisenia andrei (reported in Chapter 2) in the same soil 
Chapter 1 
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types under tropical conditions. In realistic field conditions, farmers use 
formulated products, which are combinations of one or more active 
ingredients and several additives. Standard toxicity tests, however, always 
use pure compounds. Comparative studies of the formulated products and 
pure compounds are rare both under temperate and tropical conditions. 
Therefore the comparative toxicity of the pure compounds of chlorpyrifos, 
carbofuran and mancozeb together with their formulated products to 
Perionyx excavatus were also investigated in Chapter 3.  
 Avoidance tests have been considered as complementary screening tests 
in the risk assessment of chemicals and are reported to be ecologically 
relevant and even more sensitive than traditional endpoints such as survival 
and reproduction. The short duration of avoidance tests and their cost 
effectiveness seem to make them ideal under tropical conditions. 
Earthworm avoidance tests were therefore performed using the standard test 
species Eisenia andrei as well as the tropical species Perionyx excavatus in 
chlorpyrifos and carbofuran spiked soils (Chapter 4). This has also been 
linked to the relative sensitivity of the two species reported in Chapter 2. 
 One of the major constraints in ecotoxicology is a lack of tropical 
perspectives in standard test guidelines and designs. The use of artificial 
soil, which was developed earlier by OECD (1984) and later adopted by 
ISO (1993), is very common in soil ecotoxicity tests in temperate regions. It 
consists of 70 % sand, 20 % kaolin, 10 % sphagnum peat and a small 
amount of CaCO3 to adjust pH. Sphagnum peat is not widely available in 
tropical and subtropical regions, making it necessary to develop a tropical 
artificial soil with locally available materials. Therefore an attempt was 
made to replace the peat component with environmentally friendly local 
materials. A test procedure using various replacements was validated using 
chlorpyrifos, carbofuran and carbendazim (Chapter 5).  
 A tiered approach involving effect assessment of plant protection 
products on soil organisms has rarely been reported in both temperate and 
tropical regions. This approach may be beneficial in risk assessment 
processes especially in tropical regions, mainly due to the complex biotic 
and abiotic factors and their interactions. The use of field tests to assess 
pesticide effects on soil organisms may yield valuable information on soil 
community structure (diversity, abundance, and biomass) and functions 
(nutrient cycling, community respiration and organic matter 
decomposition). Hence in Chapter 6, effects on organic matter breakdown 
of chlorpyrifos doses relevant to normal agricultural practice were 
investigated, linking the observed effects to earthworm and termite 
abundance in the field.  
 Chapter 7 gives a general discussion of the results (Chapters 2-6) of this 
thesis, focusing again on the special challenges facing tropical 
ecotoxicology of soil ecosystems. 
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Chapter 2 
 
Influence of Temperature and Soil Type on the Toxicity 
of Three Pesticides to Eisenia andrei  
 
P. Mangala C. S. De Silva, Asoka Pathiratne, Cornelis A.M. van 
Gestel  
 
Chemosphere 76 (2009) 1410-1415 
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Abstract 
 
Expansion of agriculture in the tropics has increased the use of pesticides 
that may affect the soil ecosystems. Few studies so far determined the 
effects of pesticides in the tropics and tropical risk assessment therefore 
often relies on data from temperate conditions. Hence the toxicity of 
chlorpyrifos, carbofuran and carbendazim to the earthworm Eisenia andrei 
was compared at two different temperatures reflecting temperate and 
tropical conditions. The toxicity of the three pesticides in both conditions 
decreased in the order carbendazim > carbofuran > chlorpyrifos. For 
chlorpyrifos and carbofuran, but not for carbendazim, survival was more 
sensitive at the higher temperature, probably due to increased earthworm 
activity. Sub-lethal effects (reproduction and growth) however, varied 
inconsistently with temperature and soil types. We conclude that toxicity of 
pesticides in tropics may not be predicted from data generated under 
temperate conditions, even within the same species.  
 
Key words: Earthworms, Chlorpyrifos, Carbofuran, Carbendazim, Tropical 
and temperate conditions, Sri Lanka. 
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Introduction 
 
The ever-growing human population, which is expected to be 9.1 billion by 
2050 (UN, 2005) places high demands on agricultural production, 
especially in tropical regions. Increasing agricultural production in these 
regions relies heavily on pesticide use as shown by the growth of the 
pesticide market (Matson et al., 1997; Ecobichon, 2001). The world 
agrochemical use has shown a continuous growth with an increase of 4.7 % 
in annual sales from 2002 to 2003. Tropical regions in Latin America, Asia 
and Africa have recorded a dramatic growth of pesticide use over the last 
few years. Also in Sri Lanka annual imports of pesticides have shown a 
steady increase over the years. The amount of imported technical grade 
materials has increased from 365.95 metric tons (MT) in 2001 to 489.72 
MT in 2005. This trend is also more obvious when considering the amount 
of  imported pesticide formulations that increased from 3457.60 MT in 
2001 to 6214.77 MT in 2005 (Unpublished data, Pesticide Registrar’s 
office, Department of Agriculture, Sri Lanka).  
 Increased use of pesticides may affect non-target organisms in soil and 
water and can cause serious damage to ecosystems (see e.g. Reinecke and 
Reinecke, 2007). Information on the side effects of pesticides in the tropics 
is scarce or lacking (Van den Brink et al., 2003), and environmental effects 
often are totally ignored. Lacher and Goldstein (1997) reported that most of 
the studies on pesticide toxicity in tropical areas are dealing with water 
quality and aquatic toxicology, with only little data available on effects in 
soil. Due to the different environmental conditions, like higher temperature 
and humidity, fate and transport of the pesticides (Bourdeau et al., 1989) 
and route of exposure and toxicity may be quite different under tropical 
conditions (Viswanathan and Krishnamurti, 1989; Laabs et al., 2002). A 
risk assessment based on temperate data could therefore be less appropriate 
for tropical conditions.  
 Soil invertebrates play an important role in decomposition and nutrient 
cycling processes that are very important for sustaining a healthy and 
productive soil. For that reason, it is important to properly assess pesticide 
risks to the soil community, and such an assessment should be part of a 
system of sustainable agriculture. Although for pesticide registration 
internationally accepted protocols should be used to determine fate and 
effects in tropical soils, the few studies available (e.g. Senapati et al., 1991; 
Verma and Pillai, 1991; Rao and Kavitha, 2004) used non-standardized 
methods. Only recent studies (Helling et al., 2000; Römbke et al., 2007; 
Garcia et al., 2008) applied standardized protocols to determine pesticide 
effects to soil invertebrates under tropical conditions. But these 
standardized protocols have been developed mainly for the assessment of 
chemical toxicity under temperate conditions. The toxicity tests currently 
described by the Organization for Economic Co-operation and 
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Development (OECD) and the International Standardization Organization 
(ISO) for soil invertebrates, for example, all employ an ambient temperature 
of 20˚C, while under tropical conditions temperatures of 25->30˚C prevail.  
 Earthworms are major components of the soil ecosystem. They play a 
major role in decomposition, nutrient cycling, and soil structuring, which is 
vital for the existence of healthy soil (Edwards, 1998) and their presence 
therefore is beneficial especially in agro-ecosystems. The presence of 
earthworms in a wide range of soils and their high contribution to the soil 
biomass also makes them suitable to determine the effects of soil pollutants 
such as pesticides. Edwards and Bohlen (1993) reported that earthworms 
are susceptible to pesticides and therefore may act as model organisms in 
evaluating the effects of pesticides.  
 The aim of this study was to compare the toxicity of pesticides to 
earthworms at two different temperatures, indicative of tropical and 
temperate conditions. We therefore determined the effects of chlorpyrifos, 
carbofuran and carbendazim, three frequently used pesticides, using the 
artificial soil described in the standardized test guidelines developed by 
OECD (1984) and ISO (1998). Tests were conducted in The Netherlands 
(temperate) and in Sri Lanka (tropical); in addition to the standard artificial 
soil a local natural soil was included.  
 
Materials and Methods  
 
Test species 
 
Eisenia andrei (Lumbricidae) was selected as the test species. The animals 
were taken from a synchronized culture at the VU University in 
Amsterdam, The Netherlands, where experiments were carried out at 20 ˚C, 
simulating temperate conditions, as prescribed in the OECD test protocol. 
The worm cultures were maintained at 20 ± 2 ˚C in complete darkness in 
plastic boxes with 50 % potting soil and 50 % peat moss, which was 
moistened to 50 % of the maximum water holding capacity (WHCmax), and 
horse manure was used as the food source. The tropical cultures were 
maintained at the Department of Zoology, University of Ruhuna, Matara, 
Sri Lanka at 26 ± 2 ˚C. The culture substrate under tropical conditions was 
a mixture of finely ground cow manure (30 %) and composted coco peat 
(70 %) with fresh cow manure as the food. Adult worms (400 – 500 mg wet 
weight) with well-developed clitellum were selected for the toxicity tests. 
The selected worms were separated from the culture substrates 24 hours 
before the experiment and transferred to test substrates for acclimatization.  
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Test substrates 
 
The standard artificial soil (AS) developed by OECD (1984) was used as 
the common substrate for the experiments. AS was prepared by mixing 70 
% quartz sand, 20 % kaolin clay and 10% finely ground sphagnum peat (< 1 
mm). By adding CaCO3, the pH (0.01 M CaCl2) of the AS was adjusted to 
approx. 6.0. In addition, two natural soils were selected: LUFA 2.2 
(Rhineland-Palatine, Germany), classified as loamy sand with a pH of 5.9 - 
6.1, 3.5 - 4.5 % organic matter and a WHCmax of 50 %, was selected as the 
temperate natural soil. This soil is commonly used in toxicity tests with soil 
invertebrates (Løkke and van Gestel, 1998). Due to its unavailability in the 
tropics, a natural soil defined as sandy clay loam was collected from a site 
near Dickwella, Matara, Sri Lanka. The Dickwella soil was selected 
because it usually has high earthworm population densities. The uppermost 
soil layer (20 cm) was taken, sieved (5 mm) and air-dried at 26 ± 2 ˚C. The 
soil had a pH (0.01M CaCl2) of 6.2, 9 % organic matter and a WHCmax of 
45 %.  
 
Test chemicals 
 
Chlorpyrifos (O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate) is 
an organophosphate insecticide, carbofuran (2,3-dihydro-2,2-dimethyl-7-
benzofuranyl-N-methylcarbamate) a carbamate insecticide/ nematicide, and 
carbendazim (methyl N-(1H-benzoimidazol-2-yl) carbamate) is a fungicide. 
Chlorpyrifos (98%, Cheminova Ltd, Denmark) and carbofuran (97%, 
Sigma Aldrich) were tested as pure compounds, while carbendazim was 
tested as the formulation Derosal (AgrEvo, 360 g l-1).  
 
Experimental procedure 
 
The toxicity tests were based on the guidelines first published by ISO 
(1998b) and later adopted by OECD (2004a). The first series of experiments 
were performed using AS and LUFA 2.2 soil as substrates under temperate 
conditions (20 ± 2 ˚C), the second series with AS and Dickwella natural soil 
under tropical conditions (26 ± 2 ˚C). Based on the results of range-finding 
tests, concentrations series of chlorpyrifos (1, 3, 10, 30, 100, 300 and 900 
mg a.i. kg-1 dry soil) and carbofuran (0.5, 1, 2, 4, 8, 16 and 32 mg a.i. kg-1 
dry soil) were selected to enable assessment of full dose-response 
relationships. The reference chemical carbendazim was tested at 
concentrations of 0.1, 0.3, 1, 3, 10, 30 and 90 mg a.i. kg-1 dry soil. All tests 
included controls and solvent controls without pesticide treatment. 
 The pure pesticides were mixed in with the AS and natural soils using 
acetone (≥99.5% (Sigma-Aldrich). After mixing in, the soil was left 
overnight to allow for the acetone to evaporate. Solvent controls received 
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the same acetone treatment. Carbendazim, which was tested as a 
formulation, was introduced into the test soils as an aqueous suspension. 
After treatment, the soils were moistened to 50 % of their respective 
WHCmax. Test containers were glass bottles (750 ml) with loosely closing 
lids. Test containers were filled with approx. 710 (AS) or 610 g (natural 
soil) moist soil. Five grams (dry weight) of food (finely ground horse 
manure for tests under temperate conditions and cow manure for tropical 
conditions) moistened to 50% dry weight was added in a hole made in the 
middle of the soil (see Van Gestel et al., 1989). Earthworms (n = 10, 4 
replicates) were introduced into the soil, and the lids were not closed tightly 
to facilitate free exchange of air. Before introduction, the worms were 
rinsed with water, blotted dry on filter paper and mass were determined (per 
10 worms, and individually for a number of worms to check for individual 
variation). The test containers were weighed and kept at 20 ± 2 ˚C and 26 ± 
2 ˚C, respectively for tests under temperate and tropical conditions. At 
weekly intervals moisture loss from the test soils was checked by weighing 
the test containers and replenished if needed. Additional food was 
introduced when all the food added was consumed.  
 After 28 days of exposure, adults were removed by hand sorting, and 
mortality and biomass were determined. The soil was returned into the test 
containers and incubated for another 28 days at the respective temperatures 
to allow for cocoon development. After 56 days, juveniles were extracted 
from the test soil using a water bath kept at 60 ˚C and counted. The final 
endpoints studied were adult mortality, change of biomass after 28 days, 
and number of juveniles produced after 56 days. 
 
Statistical analysis 
 
Levene’s test and Kolmogorov-Smirnov test were performed to assess 
homogeneity of variance and normal distribution of the data, respectively. 
LC50s, the concentrations causing 50 % mortality of the earthworms, and 
corresponding 95 % confidence limits were calculated with the Trimmed 
Spearman Karber method (TSK; Hamilton et al, 1977). The model for 
logistic response of Haanstra et al. (1985) was used for the calculation of 
concentrations affecting reproduction by 50 % (EC50) and 10 % (EC10) and 
the corresponding 95 % confidence limits. Differences in EC50 values 
between different soil types and the two test conditions were tested for 
significance using a generalized likelihood ratio test (Sokal and Rohlf, 
1995). LOEC and NOEC values were determined using ANOVA and 
Dunnett’s test by SPSS version 14.0.  
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Results 
 
Effects on survival 
 
No mortality was recorded in controls throughout the 28-day exposure 
period. Data on effects of chlorpyrifos, carbofuran and carbendazim on 
survival of E. andrei in different soil types and at both test temperatures are 
given as LC50 values in Tables 1-3. The toxicity of the three pesticides in 
both conditions decreased in the order carbendazim > carbofuran > 
chlorpyrifos. LC50 values for the effects of chlorpyrifos on the survival of 
Eisenia andrei in the test soils at both test temperatures (Table 1) show that 
chlorpyrifos was less toxic at 20 ˚C, with LC50 in AS and natural soil being 
3.2 and 4.5 times higher, respectively at 20 ˚C compared to 26 ˚C. In 
addition, at 26 ˚C the LC50 was 1.5 times lower in the natural soil than in the 
AS. For carbofuran, the highest LC50 was recorded in AS, with toxicity 
being a factor of 1.7 lower at 20 ˚C than at 26 ˚C (Table 2). In natural soil 
however carbofuran toxicity was 1.4 times lower at 26 ˚C compared to 20 
˚C (Table 2). In both AS and natural soil LC50 s for the effects of 
carbendazim on the survival of E. andrei were higher at 26 ˚C than at 20 ˚C 
with differences being a factor of 5.4 times in AS and a factor of 15.3 in 
natural soil (Table 3). 
 
 
Table 1: Toxicity of chlorpyrifos to Eisenia andrei in OECD artificial soil 
(AS) and in a natural soil (NS) at two different temperatures. LC50 values 
for the effect on survival and ECx values for the effect on reproduction are 
given with corresponding 95% CI. Also included are NOEC values for the 
effect on growth and reproduction. All values are in mg a.i. kg-1 dry soil. * 
Significantly different from the value for the comparable soil type at 20 ˚C. 
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NOEC 
rowth) 
Soil Type 
 
LC50 
 
EC50 
(Reproduction) 
EC10 
(Reproduction)
NOEC 
(Reproduction) (G
AS (20 ˚C) 492 (456 - 531) 
7.49 
(5.14 - 9.84 ) 
0.48 
(0.15 – 0.82) 1 < 1 
NS (20 ˚C) 481 (395 - 586) 
1.79 
(1.23 - 2.36) 
0.90 
(0.18 – 1.6) <1
AS (26 ˚C) 154
* 
(134 - 177) 
3.86* 
(2.87 - 4.86) 
0.31 
(0.13- 0.48) 
 
<1
NS (26 ˚C) 106
* 
(87.0 - 130) 
5.87* 
(4.18 - 7.57) 
0.29 
(0.10 – 0.47) <1
 100 
 < 1 
 < 1 
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Sub-lethal toxicity 
 
In the tests with chlorpyrifos and carbofuran, the number of juveniles was 
significantly different between controls and solvent controls (t-test, p < 
0.05), hence the solvent controls were used in further data analysis and 
interpretation. The solvent controls of the tests with chlorpyrifos at 26 ˚C 
produced the highest number of juveniles (102 – 129 juveniles per 
replicate) compared to 20 ˚C and the lowest number was recorded in the 
natural soil at 20 ˚C (26 – 36). Juvenile production in the control 
experiments with carbofuran was similar in all soil types (73 – 95 juveniles 
per replicate) and approximately 85 - 136 juveniles per replicate were 
recorded in the controls of the carbendazim except for the Lufa 2.2 natural 
soil (54 – 77 juveniles per replicate).  
 Dose response relationships for the effects of three pesticides on the 
reproduction of E. andrei under different test conditions are presented in 
Figure 1. The toxicity was higher at 20 ˚C than at 26 ˚C in the natural soil. 
Chlorpyrifos was most toxic to earthworm reproduction in Lufa 2.2 natural 
soil and least toxic in AS at 20 ˚C. The EC50 for effects on the reproduction 
in AS was 1.9 times higher at 20 ˚C than at 26 ˚C (Table 1). 
 The differences were statistically significant (χ21 = 10.0, p < 0.001). In 
natural soil, chlorpyrifos was 3.3 times more toxic at 20 ˚C than at 26 ˚C 
and EC50s were significantly different (χ21 = 12.2, p < 0.001). At 26 ˚C, 
reproductive toxicity in natural soil was 1.5 times lower than in AS with  
 
 
Table 2: Toxicity of carbofuran to Eisenia andrei in OECD artificial soil 
(AS) and in a natural soil (NS) at two different temperatures. LC50 values 
for the effect on survival and ECx values for the effect on reproduction are 
given with corresponding 95% CI. Also included are NOEC values for the 
effect on growth and reproduction. All values are in mg a.i. kg-1 dry soil. * 
Significantly different from the value for the comparable soil type at 20 ˚C. 
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NOEC 
rowth) 
Soil Type 
 
LC50 
 
EC50 
(Reproduction) 
EC10 
(Reproduction)
NOEC 
(Reproduction) (G
AS (20 ˚C) 
23.4 
(20.0 - 27.4) 
1.57 
(1.43 - 1.71) 
0.66 
(0.53 – 0.80) <0.5 < 0.5 
NS (20 ˚C) 
8.46 
(6.32 - 11.3) 
0.74 
(0.69 - 0.79) 
0.49 
(0.43 – 0.56) 
AS (26 ˚C ) 
13.5* 
(11.6 - 15.6) 
1.25* 
(1.17 - 1.33) 
0.53 
(0.45- 0.60) <0.5
NS (26 ˚C) 
11.9* 
(10.4 - 13.7) 
1.96* 
(1.66 - 2.26) 
0.87 
(0.55 – 1.19) <0.5 <0
0.5 0.5 
 < 0.5 
.5 
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significantly different EC50 values (χ21 = 4.33, p < 0.05). At 20 ˚C the 
highest toxicity difference was recorded in AS compared to natural soil (χ21 
= 14.3, p < 0.001) with toxicity being 4.1 times higher in the latter soill. 
Significant reduction of juvenile numbers was observed at all chlorpyrifos 
concentrations in AS at 20 ˚C except for the lowest concentration, so NOEC 
is 1 mg a.i. kg-1 dry soil (Dunnett’s test, p < 0.05). In AS at 26 ˚C and in 
both natural soils juvenile production was significantly different from 
respective controls at all concentrations so NOEC is < 1 mg a.i kg-1 dry soil 
(Table 1). Data on the sublethal toxicity of carbofuran on reproduction of 
Eisenia andrei are given in Table 2. The highest toxicity was found in 
natural soil at 20 ˚C and lowest toxicity in natural soil at 26 ˚C. In AS, 
carbofuran was more toxic at 26 ˚C than at 20 ˚C and significantly different 
EC50 values were found (χ21 = 23.3, p < 0.001). In natural soil carbofuran 
was more toxic (2.6 times) at 20 ˚C than at 26 ˚C (χ21 = 46.0, p < 0.001). At 
26 ˚C, significantly lower toxicity was recorded in natural soil compared to 
AS (χ21 = 21.6, p < 0.001). Juvenile production at all carbofuran 
concentrations was significantly different (p < 0.05) from the control except 
for natural soil at 20 ˚C. The LOEC and NOEC in the natural soil at 20 ˚C 
were 1 and 0.5 mg kg-1 dry soil, respectively and 0.5 and < 0.5 mg kg-1 dry 
soil for the AS at 20 ˚C and the AS and natural soil at 26 ˚C.  
 
 
Table 3: Toxicity of carbendazim to Eisenia andrei in OECD artificial soil 
(AS) and in a natural soil (NS) at two different temperatures. LC50 values 
for the effect on survival and ECx values for the effect on reproduction are 
given with corresponding 95% CI. Also included are NOEC values for the 
effect on growth and reproduction. All values are in mg a.i. kg-1 dry soil. * 
Significantly different from the value for the comparable soil type at 20 ˚C. 
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NOEC 
(Growth) 
Soil Type 
 
LC50 
 
EC50 
(Reproduction) 
EC10 
(Reproduction)
NOEC 
(Reproduction)
AS (20 ˚C) 
7.10 
(5.79 - 8.79) 
0.39 
(0.11 - 0.65) 
0.02 
(0.0  – 0.6) <0.1 1 
NS (20 ˚C) 
2.70 
(2.20 - 3.30) 
0.34 
(0.20 - 0.46) 
0.07 
(0.02 – 0.13) 0.
AS (26 ˚C) 
38.9* 
(33.6 - 45.1) 
1.84* 
(1.43 - 2.25) 
0.28 
(0.15 – 0.40) 0.1 <
NS (26 ˚C) 41.5
* 
(36.3 - 47.5) 
2.18* 
(1.71 - 2.66) 
0.52 
(0.30 -0.75) 0.
1 1 
 0.1 
1 0.1 
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The effect of carbendazim on reproduction of E. andrei is given in Table 3. 
The EC50 in AS was 4.7 times higher at 26 ˚C than at 20 ˚C and difference 
was significant (χ21 = 20.9, p < 0.001). The largest toxicity difference (χ
2
1 = 
58.1, p < 0.001) was found between natural soils tested at 20 and 26 ˚C, 
with reproductive toxicity of carbendazim to E. andrei being 6.4 times 
lower at 26 ˚C than at 20 ˚C. A significant reduction of juvenile numbers 
(Dunnett’s test, p < 0.05) was observed in both soil types with LOEC and 
NOEC values of 0.3 and 0.1 mg kg-1 dry soil, respectively for all soils 
except for AS tested at 20 ˚C with a slightly lower NOEC (< 0.1 mg kg-1 
dry soil). 
 The biomass of adult earthworms exposed for 28 days showed an 
increase in all the controls by 5.9 % to 19.2 %. The only exception was the 
AS at 20 ˚C in the carbendazim experiment, where a slight weight loss of 
0.36% was observed. The weight loss in the controls must be considered an 
artifact, considering the fact that earthworms gained 14.3-16.4% weight at 
the lowest three carbendazim concentrations in this soil. The highest growth 
(> 18 %) in all three tests was recorded in the AS control soils kept at 26 ˚C. 
Biomass increase of the controls at both temperatures did not significantly 
differ (t – test, p > 0.05). Significant weight loss (p < 0.05) was observed 
with increasing pesticide concentration for all three pesticides irrespective 
of temperature and soil type. For chlorpyrifos and carbofuran NOEC values 
for growth were more or less similar except in natural soil kept at 20 ˚C. 
But for carbendazim NOEC was higher at 20 ˚C than at 26 ˚C. 
 
Discussion 
 
This study mainly focused on comparison of the toxicity of pesticides to 
earthworms at two different temperatures, indicative of temperate and 
tropical conditions, using survival, growth and reproduction as the 
endpoints. No mortality was recorded in controls throughout the study 
period and control worms did not loose > 20 % of their initial biomass. In 
all experiments, each control replicate produced more than 30 juveniles 
except for natural soil at 20 ˚C where only 26 juveniles were found. The 
coefficient of variation for reproduction was ≤ 30 %. This indicates the 
validity of the tests performed at both temperatures. For effects on survival, 
toxicity of chlorpyrifos in both artificial and natural soils was higher at 26 
˚C than at 20 ˚C. Ma and Bodt (1993) studied chlorpyrifos toxicity for E. 
fetida, a species closely related to E. andrei in AS and reported a 2-wk LC50 
of 1077 mg kg-1 dry soil, which is 2 and 10 times higher than the values 
found in our study  at 20 and 26 ˚C, respectively. The shorter test duration 
may explain this difference. 
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Figure 1: Dose-response relationships for the effects of chlorpyrifos (left), carbofuran (middle) and carbendazim (right) on 
the reproduction of Eisenia andrei in artificial (AS) and natural soil (NS) at 20˚C and 26˚C.  
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A lower LC50 (118.5 mg kg-1 dry soil) was reported by Zhou et al. (2007) 
after 14 days exposure of E. fetida. The LC50 of chlorpyrifos was 
independent of soil type at 20 ˚C but a slightly higher toxicity was found in 
tropical natural soil. From the figures presented by Zhou et al. (2007), we 
derived an EC50 for the effects of chlorpyrifos on juvenile numbers in AS of 
9.75 mg kg-1 at 20 ˚C, which is in agreement with our data for reproduction 
(Table 1).  
 Toxicity of carbofuran did not differ much (less than a factor of 3 in 
LC50) for the two temperatures tested. The LC50s are within the range of the 
values of 4 – 64 mg kg-1 dry soil reported by Heimbach (1985), Panda and 
Sahu (2000) and Haque and Ebing (1983). Gordon (2003) suggested that 
temperature could be one of the most critical factors in animal life. With 
limited information, Viswanathan and Krishnamurti (1989) suggested an 
increased toxicity of xenobiotics under tropical conditions. This may be 
supported by the effects on earthworm survival in AS spiked with 
chlorpyrifos and carbofuran. The uptake of pesticides by earthworms can be 
either through passive diffusion from pore water over the skin or by 
ingestion together with soil particles (Lord et al., 1980; Belfroid et al., 
1994). It is expected that short-term toxicity endpoints, such as survival 
with organophosphates and carbamates depend on dermal uptake by the 
earthworms, which can be clearly seen as increased activity right after 
initial exposure. Tropical conditions, with higher temperatures, may 
enhance the activity of earthworms resulting in higher uptake of pesticides. 
This higher uptake could explain the higher toxicity of chlorpyrifos and 
carbofuran under tropical conditions when using artificial soil as the 
substrate. The only exception was the higher toxicity of carbofuran in 
natural soil at 20 ˚C, which is more difficult to explain. This could be due to 
the complex nature of the natural soils with low organic matter and clay 
contents which can cause higher bioavailability of the pesticides.  
 Sub-lethal endpoints like reproduction and growth did not give a clear 
image of the differences in toxicities at the different temperatures. 
Reproductive toxicity of chlorpyrifos and carbofuran in AS was higher at 
26 ˚C, which is in agreement with survival data. But toxicity was higher at 
20 ˚C than at 26 ˚C in the natural soil (Figure 1). Our results therefore 
suggest that soil type and nature of the pesticide were more important for 
long-term toxicity than temperature. Similar inconsistent trends in toxicity 
were also observed for growth. A lower sub-lethal toxicity might be related 
to degradation kinetics. The degradation of the two pesticides could mainly 
be due to chemical and microbial processes and could be favored by the 
higher temperature in tropical conditions (Racke et al., 1997). Getzin 
(1981), Racke and Coats (1988) and Singh et al. (2003) reported a 
significant contribution of soil microorganisms to degradation of 
organophosphorus insecticides in natural soil. A higher microbial activity in 
natural soils under tropical than under temperate conditions therefore could 
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result in faster biodegradation resulting in lower sub-lethal toxicities. It is 
also noted that for all three pesticides toxicity in the natural soil was higher 
at 20 ˚C than at 26 ˚C. The organic matter content of the Lufa 2.2 natural 
soil (~ 4 %) was lower than that of the tropical natural soil (~ 9 %), which 
might result in lower adsorption and increased bioavailability of the 
pesticide to the organisms resulting in higher toxicity. This was e.g. 
illustrated by Van Gestel and Ma (1988), who have also reported that 
earthworm toxicity is higher in soils with low organic matter content. 
 A deviation from the higher toxicities at 26 ˚C was observed for 
carbendazim with high LC50 and EC50 values indicating lower toxicity at 
higher temperatures irrespective of the soil type used. Adema et al. (1985) 
using E. fetida, Van Gestel (1992) and Federschmidt (1994) using E. andrei 
in AS at 20 ˚C reported 2-week LC50 values similar to this study. Data of the 
effects of carbendazim on earthworm survival in soils tested at higher 
temperatures are scarce. Garcia (2004) reported a very high LC50 (> 1000 
mg a.i. kg-1 dry soil, 14 days) in AS at 28 ˚C compared 20 ˚C (5.8 mg a.i. 
kg-1 dry soil), resulting a factor of 172 difference in toxicity between the 
two temperatures. We found a lower 4-week LC50 (38.9 mg a.i. kg-1 dry 
soil) in AS at 26 ˚C compared 20 ˚C (7.1 mg a.i. kg-1 dry soil) and the 
difference was only a factor of 5.48. Garcia (2004) also determined effects 
of carbendazim on the reproduction of E. fetida at 20 and 28 ˚C in AS and 
Lufa 2.2 natural soil. Toxicity was much higher at 20 ˚C, with EC50 values 
of 2.7 and 0.6 mg kg-1 in AS and natural soil compared to 14.2 and 9.6 mg 
kg-1, respectively at 28 ˚C. Although Garcia (2004) used E. fetida as the test 
species it is difficult to explain the toxicity difference between two studies 
due to the similarities of both species and similar toxicity values were found 
with natural soil tested at the higher temperature. It should be noted that 
Garcia (2004) used two different strains of E. fetida, while we used the 
same strain but adapted to different temperatures. The general observation 
of lower toxicity of carbendazim at 26 ˚C could be due to temperature 
effects on the stability of the chemical, which could have reduced the 
exposure concentration with time.  
 
Conclusions 
 
The effects of chlorpyrifos and carbofuran on earthworm survival, growth 
and reproduction in artificial soil may be higher at higher temperature 
(indicative of tropical conditions) than at the standard temperature of 20 ˚C, 
even when tested in similar soils and within the same species. Survival, 
reproduction and growth may, however, differ in natural soil at both 
temperatures tested. Carbendazim toxicity was lower at high temperatures 
irrespective of the soil types. Overall there is no clear trend of increased 
toxicity for sub-lethal endpoints with temperature. Toxicity may vary with 
the pesticide, endpoint, soil type and temperature. We therefore conclude 
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that earthworm toxicity data obtained at 20 ˚C should only be used with 
caution for the assessment of ecological risks of chemicals under tropical 
conditions.  
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Abstract 
 
Effects of chlorpyrifos, carbofuran, mancozeb and their formulated products 
on survival, growth and reproduction of the tropical earthworm Perionyx 
excavatus were investigated in standard artificial soil under tropical 
conditions. Toxicity of the three chemicals decreased in the order 
carbofuran > chlorpyrifos > mancozeb. In general, formulations were more 
toxic than the active ingredients, but differences in LC50 and ECx values 
were significant only in two cases and not larger than a factor of 2.0. This 
could mainly be due to masking of the effects of additives in the soil. 
Comparison with available literature data revealed that P. excavatus is more 
sensitive than the standard species Eisenia sp. The use of tropical species in 
the risk assessment of pesticides in tropical regions should therefore be 
encouraged. 
 
Key words: Earthworms, Pesticide formulations, Perionyx excavatus, 
Additives, Active ingredients  
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Introduction 
 
Tropical ecosystems cover a relatively small fraction (26 %) of the total 
land area of the world. But the primary productivity is as high as 60 % and 
indicates the great importance of the existence of these systems in the world 
(Deshmukh, 1986). Increasing productivity in the tropics and resulting 
human activities have caused serious threats to tropical ecosystems. The 
degradation of terrestrial and aquatic ecosystems due to xenobiotics is a 
major concern and is a direct result of the increased use of synthetic 
substances such as pesticides to boom the productivity of the region. 
Nevertheless, risk assessment of pesticides in the tropics is hardly 
performed due to scarcity of data. And a limited number of tropical risk 
assessments currently available mainly rely on data generated in temperate 
regions. But species sensitivity, fate of xenobiotics and complex 
interactions within the system could be different in the tropical 
environment. As a consequence, risks may be over or under estimated when 
using additional extrapolation factors.  
 Sensitivity comparisons of tropical and temperate species have so far 
shown contradictory results. Maltby et al. (2005) and Kwok et al. (2007) 
have reported no large differences in the sensitivity of species belonging to 
the same taxonomic groups in aquatic ecosystems, except for a few 
pesticides like chlorpyrifos. But studies by Garcia (2004) and De Silva et al. 
(2009) have shown that the situation in soil ecosystems could be different 
with more factors like nature of the pesticide, temperature, soil type, 
endpoints measured and their interactions causing different effects. Species 
diversity and abundance of soil invertebrates like earthworms could also 
vary under tropical conditions; hence prediction of field effects will be 
rather difficult.  
 Toxicity assessment of pesticides to earthworms mainly uses Eisenia sp 
as the standard test species (OECD, 1984; OECD, 2004). As compost 
worms, Eisenia species have a limited ecological role compared to local 
mineral-dwelling species. In addition, they are mainly occurring in 
temperate regions. Therefore the use of tropical species in toxicity tests 
could contribute to a more relevant and reliable risk assessment of 
chemicals in these areas.  
 Perionyx excavatus (Perrier, 1872), Family – Megascolecidae, is 
primarily a compost worm that can be found in tropical regions, especially 
in Asia (Blakemore, 2006) and also is present in Europe and North America 
(Edwards et al., 1998). Generally they are found in the top soil layer (0-15 
cm) at temperatures ranging between 20 °C and 28 °C and pH of 6.4-7.4 
(Bhattacharjee and Chaudhuri, 2002). The life cycle and biology of this 
species have been extensively studied (Reinecke and Hallatt, 1989; Hallatt 
et al., 1990; Edwards et al., 1998; Bhattacharjee and Chaudhuri, 2002; 
Chaudhuri and Bhattacharjee, 2002; Joshi and Dabral, 2008). Previously P. 
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excavatus has been used in ecotoxicity studies including metals (Maboeta et 
al., 1999; Reinecke et al., 2001), pesticides (Callahan et al., 1994; Reinecke 
et al., 2002) and gasoline products (An, 2005; An and Lee 2008).    
 Pesticide testing has usually been carried out by generating data on the 
active ingredients. However farmers apply formulated products, which can 
be a combination of active ingredients and additives. Some additives are 
added to enhance toxicity of the pesticide e.g. by affecting uptake or 
metabolism of the active ingredient. Specific assessment of additives of the 
formulated products has been hampered due to trade secrets (Cox and 
Surgan, 2006). Alternatively, toxicity of such ingredients could be derived 
from studying formulated products together with their active ingredients. 
Comparative studies of formulated and pure pesticides in birds (Arias, 
2003), frogs (Swann et al., 1996; Mann and Bidwell, 1999) and fish 
(Kiparissis et al., 2003) have reported higher toxicities of formulations 
compared to their respective active ingredients. Only few studies have so 
far been performed to investigate the comparative toxicity of formulations 
and pure chemicals in the soil ecosystem (Salminen et al., 1996; Marques et 
al., 2009; Pereira et al., 2009). 
 The aim of this study was to determine the toxicity of three commonly 
used pesticides namely chlorpyrifos, carbofuran and mancozeb together 
with their formulated products to the tropical earthworm species P. 
excavatus under tropical conditions and to compare the relative toxicities of 
pure and formulated products. In addition, the generated toxicity data for 
the tropical species were compared with the data available in the literature 
for the standard test species Eisenia andrei and E. fetida.   
 
Materials and Methods 
 
Age-synchronized adult earthworms (250-275 mg, wet weight) of the 
tropical species P. excavatus (Family: Megascolecidae) were obtained from 
the cultures at the Department of Zoology, University of Ruhuna, Matara, 
Sri Lanka. These cultures were maintained at a  temperature representative 
of tropical conditions (26 ± 2 °C) in a substrate of 30 % cow dung and 70 % 
composted coco peat with 12:12 h photoperiod. The selected worms were 
transferred to untreated test substrate 24 hours before the experiment, to 
acclimatize. The standard OECD artificial soil (OECD, 1984) was used as 
the test soil substrate. The OECD soil was composed of 70 % fine sand, 20 
% kaolin and 10 % sphagnum peat with a small amount of CaCO3 added for 
pH adjustment. This soil, which acts as the reference substrate for toxicity 
studies, had a pH (0.01M CaCl2) of 6.5 – 6.8 and a maximum water holding 
capacity (WHC max) of 80%.  
 Toxicity tests were performed with chlorpyrifos (98 %, Cheminova Ltd, 
Denmark), carbofuran (97 %, Sigma Aldrich, The Netherlands) and 
mancozeb (85 % Limin Chemical Co Ltd, China) together with their 
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commercial formulations Judo 40 EC (40 % a.i. EC, Lankem Ceylon Ltd, 
Sri Lanka), Curater (3 % a.i. G, Hayleys Agro Products Ltd, Sri Lanka) and 
Dithane M 45 (80 % a.i. WP, Chemical Industries Colombo Ltd, Sri 
Lanka), respectively. Concentrations tested were 1, 3, 10, 30, 100, 300 and 
900 mg a.i. kg-1 dry soil of chlorpyrifos, 0.5, 1, 2, 4, 8, 16 and 32 mg a.i. kg-
1 dry soil of carbofuran and for  mancozeb 1, 3, 10, 30, 100, 300, 900 and 
1200 mg a.i. kg-1 dry soil. For the pure compounds, solutions of the test 
compounds in acetone were added to 50 g soil. These soil samples were 
kept overnight ensuring evaporation of the solvent and the remainder of the 
soil (450 g) for each treatment was added and mixed intensively with the 
spiked soil. Control soils were treated with acetone in a similar way. 
Pesticide formulations of chlorpyrifos and mancozeb were directly added to 
the substrate as aqueous solutions, whereas carbofuran 3% G was added as 
finely ground powder. Soil moisture content was adjusted to 50 % WHCmax. 
The control soils were treated only with water. 
 Earthworm toxicity tests were performed according to OECD (2004a) 
with slight modifications. Glass bottles (750 ml) were filled with 
approximately 710 g (wet weight) of the test soils. Earthworms (n = 10, 4 
replicates) were introduced into the soil, and the lids were not closed tightly 
to facilitate free exchange of air. Before introduction, the worms were 
rinsed with water, blotted dry on filter paper, and mass were determined 
(per ten worms or individually for a number of worms). The test containers 
were kept at 26 ± 2 ˚C and 12:12 h photoperiod. Five grams (dry weight) of 
food (finely ground cow manure) moistened to 50% w/w was added in a 
hole made in the middle of the soil.  Additional food was given when all the 
food added was consumed. Moisture loss from the test soils was checked by 
weighing the test containers at weekly intervals and replenished if needed. 
After 28 days of exposure, adults were removed by hand sorting, and 
mortality and biomass were determined. The soil was returned into the test 
containers and incubated for another 28 days for cocoon development. After 
56 days, juveniles were extracted from the test soil using a water bath kept 
at 60 ˚C and counted. The final endpoints studied were adult mortality, 
change of biomass after 28 days, and number of juveniles produced after 56 
days. 
 Levene’s test and Kolmogorov-Smirnov test were performed to assess 
homogeneity of variance and normal distribution of the data, respectively. 
LC50 values, the concentrations causing 50% mortality of the earthworms 
and corresponding 95% confidence limits were calculated with the 
Trimmed Spearman Karber method (Hamilton et al., 1977). The model for 
logistic response of Haanstra et al. (1985) was used for the calculation of 
concentrations affecting reproduction by 50% (EC50) and 10% (EC10) and 
the corresponding 95% confidence limits. Lowest Observed Effect 
Concentrations (LOEC) and No Observed Effect Concentrations (NOEC) 
values were determined using ANOVA and Dunnett’s test by SPSS version 
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14.0. Differences in EC50 values between pure compounds and the 
formulations were tested for significance using a generalized likelihood 
ratio test (Sokal and Rohlf, 1995).  
 
Results 
 
No mortality was observed in the controls except for a few individuals (one 
each in three replicates) missing in the mancozeb series. The LC50 values for 
the effects of chlorpyrifos, carbofuran, mancozeb and their formulations on 
survival of P. excavatus are given in Table 1. Toxicity decreased in the 
order of carbofuran > chlorpyrifos > mancozeb for both the pure 
compounds and the formulations. The highest LC50 values were recorded 
for pure mancozeb and its formulation and the lowest ones for carbofuran. 
The toxicities of the pure and formulated pesticides were similar with 
overlapping 95% confidence intervals and differences in LC50 values being 
less than a factor of 1.2. 
 Mean number of juveniles produced in the controls varied for the 
different tests and ranged between 80 and 92 per test container. Juvenile 
production in solvent controls (112-130 juveniles per replicate) was 
significantly higher (p < 0.05) than of their respective controls and therefore 
solvent controls were used in further data analysis for the pure compounds. 
The dose-response relationships for the effects on reproduction of P. 
excavatus are given in Figure 1 and the estimated values for EC50, EC10 and 
NOEC for reproduction are presented in the Table 1.  
 Formulated carbofuran was more toxic to reproduction of P. excavatus 
than its pure compound and EC50 values were significantly different (χ21 = 
37.2, p < 0.001) from each other. The EC50 value for pure chlorpyrifos was 
1.3 times higher than for its formulation but the difference was not 
significant (χ21 = 0.63, p > 0.05). No significant difference of EC50 values 
was found for mancozeb (χ21 = 1.96, p > 0.05) although the EC50 was 1.7 
times higher for the formulation than for the pure compound. Similar trends 
for the pure and formulated products were found for EC10 values (Table 1). 
However EC10 values for chlorpyrifos were lower than those for carbofuran 
even though carbofuran was the most toxic pesticide in terms of LC50 and 
EC50 values. The NOEC was always lower than the lowest concentration 
tested for all pure and formulated pesticides (Table 1). The adult P. 
excavatus in the controls gained 16 % - 22% of weight during the 4- week 
test period. In general an increasing and significant weight loss was 
recorded with increasing concentrations for all pesticides and their 
formulations (Figure 2) and NOEC values for biomass change were similar 
to those for reproduction (Table 1). 
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Table 1: Toxicity of pure and formulated products of chlorpyrifos, 
carbofuran and mancozeb to the earthworm Perionyx excavatus in OECD 
artificial soil under tropical conditions. LC50 values (28 days) for the effect 
on survival and ECx values for the effect on reproduction are given with 
corresponding 95% CI. Also included are NOEC values for effects on the 
reproduction (Rp) and growth (Gr). All values expressed are in mg a.i. kg-1 
dry soil. * indicates significant difference from the respective value for the 
pure chemical. 
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C 
r) 
 
Pesticide 
 
Type 
 
 
LC50 
 
EC50 
 
EC10 
 
NOE
(Rp / G
Pure 122 
(104 - 145) 
4.0 
(2.2 - 5.7) 
0.27 
(0.02 - 0.54) 
< 1 Chlorpyrifos 
Formulation  100 
(84 - 120) 
   3.0  
(2.4 - 3.7) 
0.16 
(0.08 - 0.24) 
< 1 
Pure 9 
(8 - 10) 
1.7 
(1.6 - 2.0) 
0.60 
(0.47 - 0.72) 
< 0.5 Carbofuran 
Formulation   8 
(7 - 9) 
 1.1* 
(1.0 - 1.2) 
0.30 
(0.24 - 0.35) 
< 0.5 
Pure 541 
(497 - 590) 
37.4 
(18.6 - 56.2)
0.80 
(0.17 - 1.7) 
< 1 Mancozeb 
Formulation   500  
(460 - 544) 
    22.0  
(11.6 - 32.0)
0.68 
(0.25 - 1.38) 
< 1 
 
 
 
Discussion 
 
This study focused on the toxicity of chlorpyrifos, carbofuran and 
mancozeb, both pure and formulated products, on the survival, reproduction 
and growth of the tropical earthworm species P. excavatus under tropical 
conditions. Mortality in the controls (≤ 10 %), loss of weight (≤ 20 %), 
juvenile production per replicate (≥ 30) and coefficient of variation of  
reproduction (≤ 30 %) reported in the tests indicates the validity of the tests 
performed with P. excavatus. These validity criteria were mainly set for E. 
fetida and E. andrei in standard guidelines by OECD and ISO. Nevertheless 
these criteria can also be applied to the tropical species P. excavatus. In this 
study, pH of the OECD artificial soil was slightly higher than the range 
described by the test guidelines (pH-CaCl2 6.5-6.8 instead of 6.0±0.5). 
Considering the ecological preferences of P. excavatus (abundant in soils 
with pH values up to 7.4) and the nature of the pesticides tested (non-
dissociating), this small deviation of soil pH is not expected to have any 
effects on the outcome of the tests performed. 
 For all three pesticides, formulations were more toxic than the active 
ingredients although the differences were small. Chlorpyrifos was 
moderately toxic with 4-week LC50 values of 100 and 122 mg a.i. kg-1 dry 
soil. The toxicity of chlorpyrifos to P. excavatus was 8.8 times higher than 
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for Eisenia fetida (14-days LC50 = 1077 mg a.i. kg-1 dry soil artificial soil; 
Ma and Bodt, 1993) and only 1.2 times higher than for E. andrei under 
similar conditions (28-days LC50 = 154 mg a.i. kg-1 dry soil artificial soil; 
De Silva et al., 2009). Toxicity of chlorpyrifos to earthworm species varies 
greatly as reported, for example, by Ma and Bodt (1993), with 14-day LC50 
values ranging between 129 and 1174 mg a.i. kg-1 dry soil and ecologically 
relevant species like Lumbricus rubellus and L. terrestris being more 
sensitive than Eisenia sp.  
 This is in accordance with this study reporting higher sensitivity of P. 
excavatus under tropical conditions than Eisenia species. For carbofuran, 
LC50 values found in this study are within the range of values reported for 
E. andrei (5-10 mg a.i. kg-1 dry soil; Heimbach, 1985) and toxicity is 1.6 
times higher for P. excavatus than for E. andrei under similar conditions 
(De Silva et al., 2009). Vermeulen et al (2001) found relatively low toxicity 
of mancozeb to E. andrei with a 14 - day LC50 of 1262 mg a.i. kg-1 dry soil. 
This study reports a 2.3 times higher toxicity of mancozeb to P. excavatus 
than the E. andrei. Reinecke et al. (2002) showed that P. excavatus could 
avoid low concentrations of mancozeb (8 mg a.i. kg-1 dry soil), which also 
confirms that P. excavatus is more sensitive to mancozeb than Eisenia 
species. Higher sensitivity of P. excavatus has also also been reported with 
methyl tert-butyl ether (MTBE) in tests on filter paper and in two different 
soils (An, 2005). In contradiction to the survival data, available EC50 values 
for chlorpyrifos and carbofuran under similar conditions show that effects 
on reproduction were slightly higher for E. andrei than for P. excavatus (De 
Silva et al., 2009). 
 In addition, toxicity assessment of formulations of the pesticides, which 
include additives together with the active ingredient, will be essential. 
Components of the formulations are not to be considered inert ingredients, 
as they may have chemical and biological activity and could be toxic. This 
is further confirmed by the fact that more than 500 additives are currently 
also being used as active ingredients (Cox and Surgan, 2006). Results 
obtained for effects on survival, reproduction and growth of P. excavatus 
indicated no difference in toxicity except for two cases. This observation 
contradicts with most of the aquatic studies that compared toxicity of 
formulations and their active ingredient alone (Swann et al., 1996; Mann 
and Bidwell, 1999; Kiparissis, 2003). 
 In aquatic environments increased toxicity of formulations could be 
linked with higher solubility of the active ingredients in the medium. 
Aquatic organisms could be exposed to chemicals through the body surface 
or gills and additives might affect the uptake sites e.g due to their effects on 
the surface tension or structure of membranes. Such an affect might also 
occur in case of soil organisms like earthworms that also take up chemicals 
from pore water via their skin (Belfroid et al., 1994). 
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Figure 1: Dose-response relationships for the effects of chlorpyrifos (left), carbofuran (middle) and mancozeb (right) and their 
formulated products on the reproduction of Perionyx excavatus in OECD artificial soil under tropical conditions.
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Figure 2: Mean biomass change (%) of Perionyx excavatus after 28-day exposure to chlorpyrifos (left), carbofuran (middle) and 
mancozeb (right) and their formulated products in OECD artificial soil under tropical conditions.  
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In soil, additives may however, easily be bound to soil particles, like clay 
and organic matter, reducing their availability. This masking of additive 
effects through sorption probably explains the small differences in the 
toxicity of formulations and pure compounds. Recent studies by Marques et 
al. (2009) and Pereira et al. (2009) with herbicide formulations reported 
either underestimated or overestimated toxicity of the active ingredients. 
The lack of studies on additives and their interactions with soil hampers our 
understanding of their behaviour and the way in which they can affect 
toxicity. Additional research in soils with different pesticides and their 
additives is needed to enhance further interpretation.   
 Species sensitivity is a critical factor in the risk assessment of pesticides 
in soil, but in particular for tropical soils with their higher diversity and 
abundance of earthworm species compared to temperate soils. Nevertheless, 
current tropical risk assessment mainly uses data generated in tests with the 
temperate compost worm Eisenia sp, which is less ecologically relevant 
because it is not a soil-dwelling species. Actually, the same limitations 
concerning its ecological role are also valid for the tropical compost worm 
P. excavatus. However, this study as well as literature data (Maboeta et al., 
1999; Reinecke et al., 2001; An and Lee, 2008) show that P. excavatus may 
be used in earthworm toxicity tests as a standard tests species for tropical 
soils. This recommendation is based on the same reasons as in the case of 
Eisenia sp., which was successfully identified as temperate standard test 
species about 25 years ago: The biology and ecology of this species is well 
known and therefore it can easily be cultured under laboratory conditions. 
Although the life cycle of P. excavatus is shorter than that of Eisenia sp, 
current test guidelines can easily be applied. The preference of P. excavatus 
for optimum temperatures around 25 °C makes it more suitable for tropical 
regions than Eisenia sp 
 
Conclusions 
 
Chlorpyrifos, carbofuran and mancozeb were more toxic to P. excavatus 
than to the standard species E. andrei under tropical conditions. Tropical 
risk assessment will therefore be more realistic when it is done with 
ecologically relevant earthworm species. Toxicity of formulations and their 
respective active ingredients was more or less similar probably due to 
masking of the effects of additives by sorption to the soil. Additional 
research on both aspects is needed to arrive at more definite general 
conclusions. P. excavatus may be used as an alternative test species under 
tropical conditions. Future studies with this species, including different 
endpoints, temperature regimes and soil types, are encouraged. 
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Abstract 
 
Terrestrial avoidance behaviour is proposed as a fast and cost-effective 
method for assessing effects of pesticides on earthworms. Tropical species 
however, have rarely been used in avoidance tests. Avoidance tests were 
performed with Perionyx excavatus, a tropical species, and Eisenia andrei 
as the standard species, using chlorpyrifos and carbofuran in artificial and 
natural soil. Earthworms were exposed to concentrations of 1-900 
(chlorpyrifos) and 1-32 (carbofuran) mg a.i. kg-1 dry soil in a two-chamber 
system under tropical conditions (26 ± 2 °C, 48 hrs). No significant 
difference was found in the control tests comparing the two soils used, 
suggesting soil type did not affect the distribution of the worms. The results 
suggest a higher sensitivity of E. andrei, with EC50s for the effect on 
avoidance behaviour for both pesticides being factors of 2 - 3 lower than for 
P. excavatus. Earthworm avoidance tests with local species should therefore 
be used with caution when applied as a tool for pesticide risk assessment in 
the tropics. Endpoints generated through avoidance tests in this study are 
shown to be less sensitive than reproduction and more sensitive than 
survival. This was further confirmed by literature data available. Earthworm 
avoidance tests therefore can only replace survival tests as an initial 
screening tool for risk assessment.  
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Introduction 
 
The ever growing demand for food in the world has been closely linked 
with intensifying the agriculture practices to facilitate higher crop 
production. Increased use of pesticides in agro-ecosystems is one of the 
most critical consequences of this enhanced food production. This becomes 
most obvious especially in the tropics, where the pesticide market has 
dramatically increased over the last decade. This also has resulted in an 
increase of pesticide residue levels in the soil. Soil supports a wide range of 
beneficial flora and fauna, which may be at risk due to this practice. 
Although the risk assessment of pesticides should be part of sustainable 
agriculture, pesticide regulations are hard to implement in the tropics due to 
various problems, like lack of data or data applicable to local conditions, 
political climate, absence of regulatory framework etc.  
 The potential risk of chemicals for the habitat function of soils is often 
investigated applying acute (OECD, 1984; ISO, 1993) and reproduction 
tests (ISO, 1998b; OECD, 2004a) using earthworms as representatives of 
the soil biocenosis. These tests are very popular but mainly designed for 
temperate regions. Nevertheless, these methods are now also being used to 
asses the effects of pollutants in tropical areas. Constraints such as the 
inability to assess population effects with acute toxicity tests and also the 
long duration (56 days) and the labor intensive nature of the reproduction 
test called for rapid assessment methods with shorter duration retaining high 
sensitivity and ecological relevance. 
 The fact that animals are able to move is important for their potential to 
colonize new habitats, to find food and to find a conspecific for mating. 
Several indications exist that chemicals may affect animal behaviour. This 
may also trigger avoidance of contaminated parts of the habitat, therefore 
providing the animal with the possibility to reduce its exposure to 
pollutants. Behaviour therefore is suggested as a sensitive and relevant 
alternative endpoint for toxicity tests with soil organisms, like earthworms, 
enchytraeids and Collembola (Hund-Rinke and Wiechering, 2001; Heupel, 
2002; Natal da Luz et al., 2004; Schaefer, 2004; Loureiro et al., 2005; 
Lukkari and Haimi, 2005; Aldaya et al., 2006; Barateiro Diogo et al., 2007). 
The International Standardization Organization (ISO, 2007) and 
Environment Canada (2004) therefore drafted guidelines to determine the 
habitat function of the soil through an earthworm avoidance test. The 
avoidance test is a complementary screening test in soil risk assessment 
(Slimak, 1997; Stephenson et al., 1998; Hund-Rinke et al., 2002). It has a 
very simple test design and relatively short test period, which makes it an 
ideal rapid assessment of pollutants in the soil (Yeardley et al., 1996). It has 
been suggested that its sensitivity is comparable to that of the earthworm 
reproduction test (Hund-Rinke et al., 2003). Avoidance tests use the 
presence of chemoreceptors on the anterior segments and sensory tubercles 
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on the earthworm’s body surface, which can detect a wide range of 
contaminants (Reinecke et al., 2002).   
 The short duration and the low costs associated with the earthworm 
avoidance test make it suitable for tropical risk assessment of pesticides. 
Most of the studies so far carried out use Eisenia andrei as the test species 
in temperate conditions as recommended by ISO (2007). Eisenia spp. 
However, is a compost or manure worm, rather difficult to find in natural 
ecosystems and therefore may not be ecologically relevant for natural 
earthworm species. Several alternative species with higher ecological 
relevance, such as Lumbricus terrestris (Schaefer, 2001), Aporrectodea 
calignosa (Hodge et al., 2000), L. rubellus (Lukkari & Haimi, 2005) and 
Dendrobaena octaedra (Lukkari et al., 2005), have been shown to be 
suitable for use in avoidance tests. In spite of the potential suitability of 
earthworm avoidance tests in the tropics, so far the only study performed 
was by Garcia et al. (2008) who used a tropical variant of E. fetida as the 
test species. Therefore tests with alternative species in different exposure 
conditions will be essential in further risk assessment. This will also 
contribute to risk assessment of pesticides in the tropics, which in general is 
severely hampered by a lack of data. 
 The aim of this study was to compare the response of the standard test 
species E. andrei with that of an ecologically relevant tropical species, 
Perionyx excavatus, in avoidance tests using the standard artificial soil and 
a natural soil as test substrates under tropical conditions. 
 
Materials and Methods 
 
Adult Eisenia andrei (420-440 mg wet weight) and Perionyx excavatus 
(250-270 mg wet weight) with well developed clitellum were obtained from 
synchronized cultures at the Department of Zoology, University of Ruhuna, 
Matara, Sri Lanka. E. andrei originated from cultures at the Vrije 
Universiteit Amsterdam and had been cultured in Sri Lanka for about 1 year 
before starting these experiments. The selected worms were transferred to 
the two test substrates, 24 hours before the experiment, to acclimatize. 
Artificial soil (OECD soil) and natural soil were used as the test soil 
substrates. OECD soil was composed of 70 % fine sand, 20 % kaolin, 10 % 
sphagnum peat with a small amount of CaCO3 for the adjustment of the pH. 
This soil, which acts as the reference substrate for toxicity studies, had a pH 
(0.01M CaCl2) of 6.5 - 7.2 and a maximum water holding capacity (WHC 
max) of 80%. The natural soil was collected from a site near Matara where 
the uppermost soil layer (5 cm) was excavated. The soil was air dried at 26 
± 2 0 C in the laboratory and sieved (2 mm) to obtain a homogeneous soil 
mixture. The pH (0.01M CaCl2) of this soil was 6.9 - 7.2; it contained 9% 
organic carbon, 85 % sand, 5.5% clay, 4.5% silt and had a WHC max of 
45%. 
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 Chlorpyrifos (98%, Cheminova Ltd, Denmark) and carbofuran (97%, 
Sigma Aldrich), two pesticides widely used in tropical countries like Sri 
Lanka, were used in the experiments. Nominal chlorpyrifos concentrations 
of 1, 3, 10, 30, 100, 300, 900 mg a.i. kg-1 dry soil and carbofuran 
concentrations of 1, 2, 4, 8, 16, 32, 64 mg a.i. kg-1 dry soil were prepared 
using solutions in acetone. These acetone solutions were added to 50 g soil 
and kept overnight ensuring evaporation of the solvent. After evaporation of 
the acetone, the remainder of the soil for each treatment was added and 
mixed intensively with the spiked soil. Next, water was added to 50% of 
WHC max. Control soils were treated with acetone in a similar way, and 
also moistened to 50% of WHC max.  
 The experimental procedure of the avoidance tests was based on ISO 
(2007). The test containers were plastic trays (30 × 22 × 6 cm depth) each 
with two sections. One side of each container was filled with control soil 
(500 g dry soil) and the other side with pesticide-treated soil. The two sides 
were separated by a thin plastic sheet to prevent mixing of the two soils. 
The random distribution of the worms was confirmed by performing dual 
control tests, which consisted of pesticide-free soil at both sides. 
 After the preparation of the containers, the separator (thin plastic sheet) 
was removed and 10 adult earthworms were introduced into the separation 
line. This procedure was followed for all tested concentrations, each with 
four replicates. Dual control tests were performed with the same control soil 
on both sides, but also to compare the two tested soils (OECD versus 
natural soil). Initially the containers were kept in the light for no more than 
one hour to force the earthworms into the soil. Then the containers were 
covered with perforated transparent lids to facilitate gaseous exchange 
between the medium and the atmosphere and to facilitate the access of light. 
After that the test containers were incubated in darkness to avoid the lateral 
effects of light. The initial and final soil moisture contents were determined 
for each soil in all test containers. The containers were incubated for 48 
hours at 26 ± 2 0C, after which period the presence of worms at both sides 
was determined by hand sorting. The worms found on the separating line 
were counted by locating the direction of the head. For each replicate the 
avoidance response was calculated using the equation given below. 
 
NR = [ (C - T) / N] × 100 
Where,  
 
NR = Net avoidance response (%) 
 
C = Number of worms in control soil 
 
T = Number of worms in pesticide-amended soil 
 
N = Total number of worms exposed 
Chapter 4 
50 
Avoidance is indicated by a positive NR value, non-response by zero and 
attraction by a negative NR. Validity of the avoidance test was checked by 
the random distribution of the worms in dual control tests, where avoidance 
behaviour should be absent, judged by the proportion of the earthworms in 
both sides being not significantly different (student t - test, p > 0.05). The 
tested soils were considered to have limited or reduced habitat function 
when ≥ 80% of the worms stayed in the control soil compared to the 
pesticide-treated soil. The NR value of each exposure concentration was 
used to determine the median effect concentration (EC50) using a logistic 
model according to Haanstra et al. (1985). In case of attraction at lower 
concentrations, a modified logistic model with correction for hormesis was 
used (Van Ewijk and Hoekstra, 1993). The Lowest Observed Effect 
Concentration (LOEC) and the No Observed (Adverse) Effect 
Concentration (NO(A)EC) were estimated using ANOVA and Dunnett’s 
test.  
 
Results 
 
No dead or missing worms were found in the test, except for 100 % 
mortality at the highest concentrations of chlorpyrifos (900 mg a.i. kg-1 dry 
soil) and carbofuran (64 mg a.i. kg-1 dry soil) in both OECD and natural 
soils. Hence these concentrations were excluded from the statistical analysis 
of avoidance behaviour. The dual control tests, which used control OECD 
and natural soils in alternate sides, did not show any significant preference 
or aggregation to one side (p > 0.05) and mean distribution was 50 ± 10 % 
in all replicates. The dual control tests with OECD soil and natural soil in 
the same trays also reported no significant preference (p > 0.05) to a 
specific soil type.  For both chemicals, Perionyx excavatus was significantly 
attracted at the lowest test concentrations. For that reason we had to use a 
modified logistic model to calculate EC50 values for avoidance behaviour. 
This resulted in rather wide confidence intervals for the EC50 values (Table 
1), even though fit generally was good with R2 > 0.87.  
 The effects of chlorpyrifos on the avoidance behavior of both species in 
OECD and natural soil are given in Tables 1 and 2. P. excavatus was 
significantly attracted by chlorpyrifos at the lowest three concentrations (1-
10 mg a.i. kg-1 dry soil); such an effect was not seen for Eisenia andrei 
(Table 2). When neglecting this negative avoidance behaviour and focusing 
on the avoidance of chlorpyrifos in OECD artificial and natural soil, E. 
andrei was 2.5 and 2.0 times more sensitive, respectively, than P.excavatus. 
For both species, the avoidance behaviour was similar in both OECD and 
natural soil. NOAEC values for E. andrei and P. excavatus in both soil 
types were 1 and 10 mg a.i. kg-1 dry soil, respectively. Habitat function 
(≥80% of the worms in the control soil) was reduced at chlorpyrifos  
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Table 1: Median effect concentrations (EC50) with corresponding 95% 
confidence intervals and No-Observed Adverse Effect concentrations 
(NO(A)EC) for the effects of chlorpyrifos and carbofuran on the avoidance 
behaviour of Eisenia andrei and Perionyx excavatus in OECD artificial soil 
and a natural soil (effect concentrations are based on nominal 
concentrations expressed in mg a.i. kg-1 dry soil). Tests were performed in a 
two-compartment system.  
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Chlorpyrifos 
 
 
Carbofuran
 
Species 
 
 
Soil type 
 
EC50 NO(A)EC EC50 NO(A)EC 
OECD 9.31 (2.57-16.0) 1.0 
2.15 
(2.01-2.29) 1.0 Eisenia andrei 
Natural 12.1 (8.37-15.9) 1.0 
2.44 
(2.15-2.74) 
OECD 23.5 (2.82-44.0) 10 
4.39 
(0.70-8.05) Perionyx excavatus 
Natural 23.9 (-) 10 
5.47 
(-) 
1.0 
2.0 
2.0 
  
 
Table 2: Avoidance response of Eisenia andrei and Perionyx excavatus to 
chlorpyrifos in OECD artificial soil and a natural soil. * and *** significant 
avoidance compared to control with p < 0.05 and p < 0.001, respectively. † 
indicates reduced habitat function (>60% avoidance). 
 
 
Mean net response (% +/- SD) 
 
Eisenia andrei Perionyx excavatus 
Concentration  
(mg a.i.kg-1dry soil) 
OECD 
 
Natural OECD Natural 
   0      0 (16.3)      5 (19.1)     -5 (10.0)      5 (19.1) 
   1    20 (16.3)    20 (32.6)   -70 (11.5)  -7 (1
   3       30 (11.5)***     20 (23.0)*   -55 (25.1)  -5 (3
 10       35 (10.0)***       45 (19.1)***   -50 (11.5)  -4 (1
 30        85 (19.1)*** †         95 (10.0)*** †       55 (30.0)***        60 (1
100    100*** †        100*** †     100*** †        95 (1
300      100*** †        100*** †     100*** †      100*** †
0 1.5) 
5 4.1) 
5 9.1) 
6.3)*** † 
0.0)*** † 
 
  
 
 
concentrations of ≥ 30 mg a.i. kg-1 dry soil and ≥ 100 mg a.i. kg-1 dry soil 
for E. andrei and P. excavatus, respectively.  
 Effects of carbofuran on the avoidance behavior of E. andrei and P. 
excavatus in both soil types are summarized in Tables 1 and 3. P. excavatus 
was significantly attracted by carbofuran at 1 mg a.i. kg-1 dry soil in OECD 
soil and at 2 mg a.i. kg-1 dry soil in both soils (Table 3). When focusing on 
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EC50 values for the avoidance of carbofuran, E. andrei was 2.0-2.2 times 
more sensitive than P. excavatus in OECD and natural soil, respectively. 
Avoidance response did not differ between the two soil types, which were 
confirmed by the NOAEC values of 1 and 2 mg a.i. kg-1 dry soil for E. 
andrei and P. excavatus, respectively. Habitat function was reduced by 
carbofuran (>60% avoidance or ≥80% of the worms in the control soil) at ≥ 
4 mg a.i. kg-1 dry soil for E. andrei and ≥ 8 mg a.i. kg-1 dry soil for P. 
excavatus.   
 
Table 3: Avoidance response of Eisenia andrei and Perionyx excavatus to 
carbofuran in OECD artificial soil and a natural soil. *** Significant 
avoidance compared to control with p < 0.001. † indicates reduced habitat 
function (>60% avoidance). 
 
 
Mean net response (% +/- SD) 
 
Eisenia andrei Perionyx excavatus 
Concentration  
(mg a.i.kg-1dry soil) 
 
OECD 
 
 
Natural 
 
OECD 
 
Natural 
  0     0 (16.3)     5 (10.0)     0 (16.3)     0 (16.3) 
  1   10 (20.0)   15 (30.0)    -40 (23.1)    -5 (34
  2      45 (19.1)***      40 (16.3)***    -35 (10.0)  (11
  4        85 (10.0)*** †        80 (16.3)*** †        55 (19.1)***      50 (1
  8      100*** †      100*** †         65 (19.1)*** †      50 (1
16      100*** †      100*** †        100*** †      100*** †
.1) 
-30 .5) 
1.5)*** 
1.5)*** 
 
  
 
 
Discussion 
 
The avoidance test is considered a sensitive tool in risk assessment as 
earthworms detect a wide range of contaminants including polycyclic 
aromatic hydrocarbons, heavy metals, explosives, crude oil and pesticides 
(ISO, 2007). The studies with pesticides so far reported different 
sensitivities. Low concentrations of mancozeb (Reineke et al., 2002), 
benomyl and carbendazim (Loureiro et al., 2005; Garcia et al., 2008) and 
lambda-cyhalothrin (Garcia et al., 2008) were avoided by earthworms but 
Hodge et al. (2000) reported no avoidance of the organophosphates 
diazinon and chlorpyrifos. The present study reports avoidance of 
chlorpyrifos and carbofuran by both Eisenia andrei and Perionyx excavatus.  
 The validity of the test design was determined by counting the number 
of dead or missing worms in the test containers. The design is considered to 
be invalid if the number of dead or missing worms is > 10 % per treatment 
(ISO, 2007). This condition was met in all the concentrations except the 
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highest concentrations used and therefore the latter were excluded from the 
analysis.  
 Carbofuran was more toxic to both species than chlorpyrifos with low 
EC50 and NOEC values for both soil types tested. This study shows that 
avoidance data generated through using E. andrei and P. excavatus in 
pesticide treated soils could vary. E. andrei was considered more sensitive 
than P. excavatus because the EC50s were approximately two times higher. 
This observation is mainly due to the attraction of the latter species to low 
concentrations of both pesticides. Reinecke et al. (2002) also reported the 
inability of P. excavatus to detect low concentrations of Pb. Therefore with 
the limited data available it is expected that the avoidance response of P. 
excavatus might be a poor indicator of soil contamination and its potential 
risk in the field conditions. 
 Species sensitivity could also be a vital factor in the avoidance test.  
Different sensitivities of earthworm species like  Aporrectodea caliginosa, 
Dendrobeana octaedra and Lumbricus rubellus in soil spiked with Cu and 
Zn mixtures have been reported (Lukkari and Haimi, 2005). A study by 
Owojori and Reinecke (2009) has shown that A. calignosa is more sensitive 
than E. fetida in two different substrates spiked with NaCl. The species-
specific sensitivity could mainly be due to characteristic differences in 
chemoreceptors (Stephenson et al., 1998), physiological and morphological 
(Edwards and Bohlen, 1996) and ecological differences (Lukkari and 
Haimi, 2005). But ecological properties may not be good indicators in 
comparing E. andrei and P. excavatus as both species are epigeic in nature 
and have preferences for high organic matter contents. Therefore the 
different avoidance responses of the two species reported here could mainly 
be due to physiological and morphological differences. The unavailability 
of detailed comparative studies of morphological and physiological 
characters of the two species hampers further explanations.  
 This study also reports similar sensitivity of both species in different 
soil types. Also no significant attraction or avoidance was observed in tests 
comparing control OECD and control natural soil. This confirms that 
avoidance or attraction responses were induced directly by the pesticides 
and not by the soil types. It could be expected that endpoints generated 
through short-term exposure (48 h) might not vary much for substrates 
having different physico-chemical parameters. Hund-Rinke and Wiechering 
(2001) tested six soils. They found no specific movement towards any of 
the soils and concluded that earthworm avoidance behaviour was mainly 
driven by pollutants rather than by soil type. But studies by Amorim et al. 
(2005) with Enchytraeus albidus and Garcia (2004) with E. fetida gave 
different outcomes and did show the importance of soil properties for 
avoidance behaviour.  
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Table 4. Comparison of the effects of different chemicals on earthworm 
survival (LC50), reproduction (EC50RP) and avoidance behaviour (EC50AV) in 
tests performed under similar conditions in OECD artificial soil (OECD), 
tropical artificial soil (TAS), standard European natural soil (LUFA 2.2) 
and field soils (FS).  
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EC50AV 
kg dry soil) 
 
 
Chemical 
 
 
Species 
 
Soil Type 
 
LC50 
(mg/kg dry soil) 
 
 
EC50RP 
(mg/kg dry soil) (mg/
OECD 5436a 2020a 1164b E. fetida 
FS 0.75c 0.29c 0.56
NaCl 
A. caliginosa FS 1.15c 0.29c 0.26
TAS 633d 3.8d 
OECD 22d 1.6d 28
Benomyl E. fetida 
 
LUFA 2.2 14.6d 1.0d 1.6
TAS >1000d 4.6d 33
OECD 5.8d 2.7d 127.4
E. fetida 
LUFA 2.2 4.1d 0.6d 7.1
LUFA 2.2 2.7 g 0.34 g <1
Carbendazim
E. andrei 
OECD 38.9g 1.8g 1
OECD 154g 3.8g 9.31Chlorpyrifos E. andrei 
FS 106g 5.8g 12.1
OECD 13.5g 1.2 g 2.15Carbofuran E. andrei 
FS 11.9g 1.9 g 2.4
Cadmium E. fetida FS - 157 j 183
FS - 60 j 24PCP E. fetida 
FS - 13 j 8.2
FS - 2.7 j 2.6TBT E. fetida 
FS - 1.3 j 2.3
FS - 167 j 27TNT E. fetida 
FS - 68 j <3
TAS 23.9d 7.7d 0.2
OECD 99.8d 37.4d 3.3
Lambda 
cyhalothrin 
E. fetida 
LUFA 2.2 140d 44.5d 0.5
b 
b 
54.9e 
.2e 
e 
.3e 
e 
e 
 f 
26.4h 
i 
i 
i 
4i 
k 
k 
k 
k 
k 
k 
2k 
e 
e 
e 
  
a Owojori et al. (2008), bOwojori & Reinecke (2009), c Owojori et al. 
(2009), d Garcia (2004), e Garcia et al. (2008), f  Loureiro et al. (2005), g De 
Silva et al. (2009), h De Silva and Senewirathne (2008), i This study, j Hund-
Rinke and Simon (2005), k Hund-Rinke et al. (2005) 
 
 
The possibilities of replacing acute and chronic tests by avoidance tests to 
investigate the effects of pollutants on soil invertebrates are still rather 
questionable. A study by De Silva et al. (2009) performed under similar 
conditions found LC50 values for the effects of chlorpyrifos and carbofuran 
on the survival of the same species after 28 days exposure of 154 and 13.5 
mg a.i. kg-1 dry soil and EC50 values for the effects on reproduction of 3.86 
and 1.25 mg a.i. kg-1 dry soil, respectively. This shows that the avoidance 
response is more sensitive than survival but less sensitive than reproduction. 
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This observation is in accordance with the earthworm avoidance responses 
reported by Hund-Rinke et al., (2005), Garcia et al. (2008) and Owojori & 
Reinecke (2009). Table 4 summarizes the studies performed under similar 
conditions with the same chemicals and comparing different endpoints. 
Eighteen studies were found for the comparison of survival and 
reproduction with avoidance response and another seven studies to compare 
reproduction and avoidance. In 67 % of these studies avoidance was more 
sensitive than survival. Reproduction generally was more sensitive than 
avoidance behaviour with the latter being most sensitive only in 8 out of 25 
cases. In nine cases (36 %) EC50 values for the effects on avoidance and 
reproduction did not differ by more than a factor of 2. These results 
demonstrates that earthworm avoidance tests could be an ideal replacement 
for earthworm acute tests and might be used as an initial screening method 
to assess the risk of pesticide pollution in the tropics. They may however, 
not replace the ecologically more relevant reproduction test.  
 
Conclusions 
 
Eisenia andrei was more sensitive in avoidance tests with two pesticides 
such as chlorpyrifos and carbofuran than Perionyx excavatus under tropical 
conditions. This difference in sensitivity might lead to a wrong estimation 
of potential effects in the tropics. It is therefore recommended to consider 
avoidance tests with tropical species like Perionyx excavatus with extra 
caution in tropical risk assessment. The generally lower sensitivity of 
avoidance tests compared to reproduction tests and their higher sensitivity 
than survival indicates they could only be used as an initial screening of 
pesticide toxicity to earthworms. 
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Abstract 
 
The standard soil invertebrate toxicity tests developed by OECD and ISO 
use an artificial soil as the test substrate, which contains sphagnum peat as a 
component. This type of peat is not widely available. Investigation of 
possible alternative substrates using locally available materials therefore is 
vital for performing such ecotoxicity tests, particularly in the tropics. We 
studied the suitability of paddy husk (PH), saw-dust (SD), non–composted 
(NCCP) and composted coco peat (CCP) as a replacement for sphagnum 
peat. Artificial soil (AS) was prepared by mixing 70% sand and 20% kaolin 
clay with 10% PH, SD, NCCP or CCP. First, the reproduction potential of 
the earthworm Eisenia andrei was investigated in modified artificial soil 
(MAS) using the original OECD AS as the control. The number of juveniles 
produced in OECD AS, MASPH and MASCCP was not significantly different 
but it was significantly reduced (p<0.05) in MASSD and MASNCCP. The 
toxicity of chlorpyrifos, carbendazim and carbofuran for E. andrei was 
determined to validate the substrates. The 28–day LC50s for the three 
pesticides in original AS, MASCCP and MASPH were not significantly 
different, but the EC50 for effects on reproduction in the MASPH was 
significantly lower (p < 0.05) compared to OECD AS and MASCCP. We 
conclude that composted coco peat might be a suitable replacement for 
sphagnum peat in AS for soil ecotoxicity studies. 
 
Key words: OECD soil, Coco peat, Saw-dust, Paddy husk, Artificial soil  
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Introduction 
 
Soil properties may have a large impact on the availability and therefore on 
the toxicity of chemicals to soil invertebrates (Van Gestel, 1997). The risk 
from chemicals in soil is strongly dependent on soil type and the assessment 
of such risks has to take into account soil properties. This consideration led 
to the conclusion that it would be preferable to standardize the soils used for 
determining the toxicity of chemicals to soil organisms. Standardization 
might be achieved by selecting and prescribing a natural soil, such as the 
German standard soils commercially available from LUFA (Agricultural 
Research Center, Speyer, Germany) that are used for routinely assessing 
sorption, mobility and biodegradation of pesticides in soil. Alternatively, 
artificial soils that can be prepared from well-standardized and easy-to-
obtain materials may be used. OECD (1984) described such an artificial soil 
for determining the acute toxicity of chemicals to earthworms. Since that 
time, the OECD artificial soil has been used in many other toxicity tests 
with earthworms, enchytraeids and Collembola as described by OECD 
(2004a,b) and ISO (1993, 1998b, 1999b). OECD artificial soil consists of 
10 % finely ground sphagnum peat, 20 % kaolin clay, approx. 69 % quartz 
sand and approximately 1 % of CaCO3 to adjust pH to approximately 6.0. 
Although extrapolation of toxicity data generated through artificial soil to 
field conditions is sometimes difficult, it remains a popular substrate in soil 
ecotoxicology due to the existence of a large data base for a wide range of 
xenobiotics, such as pesticides, metals and industrial chemicals, and the 
easy interpretation and easy comparison of the results.  
 This artificial soil uses sphagnum peat as a component to represent soil 
organic matter. Sphagnum peat is also a popular potting medium in 
floriculture and horticulture. Purchase costs of sphagnum peat are however 
increasing (Meerow, 1994) and there is a growing concern that it is mined 
from endangered bogs and fen ecosystems which are declining rapidly due 
to environmental constraints (Barkham, 1993; Robertson, 1993; Frolking et 
al., 2001). Increasing knowledge of peat-land conservation has also created 
a need to find possible alternatives. More environmentally acceptable 
substrates, such as coir dust (Noguera et al., 2000; Abad et al., 2002), 
vermicompost (Zaller, 2007), organic waste (Abad et al., 2001), poultry 
feather (Evans and Karcher, 2004) and dredged sediments from rivers 
(Marchese et al., 2006; Di Benedetto, 2007) have successfully replaced 
sphagnum peat in horticulture practices.  
 So far little efforts have been made to replace the sphagnum peat in 
artificial soil. Recently, however, it has become evident that sphagnum peat 
is scarce and completely unavailable in many regions, including the tropics. 
Garcia (2004) and Römbke et al. (2007) also considered this problem and 
suggested using locally available materials, like coir dust, for performing 
soil ecotoxicity tests especially in these regions. After some preliminary 
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assessments we hypothesized that locally available coco peat (composted 
and non-composted), paddy husk and saw dust might be suitable substrates 
for replacing sphagnum peat in artificial soil. 
 Coco peat is dried and compressed coir dust extracted from the 
mesocarp of the coconut (Cocos nucifera) fruit, which is common in Asia, 
tropical America and Africa (FAO, 2000) and produced at fairly constant 
quality. It has been used as a soil-less growing medium for more than three 
decades in tropical regions (Chweya et al., 1978) and has become 
commercially very popular recently in both composted and non-composted 
forms (Offord et al., 1998; Noguera et al., 2000). In addition, it has also 
been used in road and infrastructure construction. Saw-dust is the 
heterogeneous fibrous material originating from timber processing mills. 
Mostly sawdust is incinerated or dumped and occasionally it may be used as 
an energy source. Paddy husk is also a very common material in the tropics, 
where rice is the main agricultural commodity. It is a biodegradable 
material resulting from processing paddy into rice. Currently it has no 
commercial value but it has been used in agriculture as a fertilizer and as an 
energy source.  
 The aim of this study was to determine the suitability of coco peat 
(composted and non-composted), paddy husk and saw-dust as alternatives 
to sphagnum peat in the artificial soil used in soil ecotoxicity studies. We 
aimed at validating the potential substrates by performing toxicity tests with 
the common compost earthworm Eisenia andrei (Lumbricidae), using 
chlorpyrifos, carbofuran and carbendazim as test chemicals.  
 
Materials and Methods 
 
Modified artificial soils (MAS) were prepared according to the standard 
guidelines of OECD (1984) and ISO (1998b), but replacing the (10 %) 
sphagnum peat with a similar amount of finely ground non-composted coco 
peat (NCCP), composted coco peat (CCP), paddy husk (PH) or saw-dust 
(SD). The resulting MAS were moistened to 50 % of their maximum water 
holding capacities and physico-chemical properties of the modified artificial 
soils were determined by the Industrial Technology Institute (ITI), 
Colombo, Sri Lanka according to the guidelines prepared by the Sri Lanka 
Standard Institution (SLS, 2003), Association of Analytical Communities 
International (AOAC, 2000) and International Standardization Organization 
(ISO, 1993; ISO, 1998a). 
 In the first series of tests survival, growth and reproduction of 
earthworms were measured in the modified artificial soils at two different 
temperatures (20 and 26 ºC), representing temperate and tropical conditions. 
Age-synchronized adult Eisenia andrei (450-500 mg wet weight), obtained 
from a culture kept at the Department of Zoology, University of Ruhuna, 
Matara, Sri Lanka, were added to 500 g dry weight equivalent of moist 
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MAS in glass containers (750 ml) with loosely closing lids (n = 10, 4 
replicates for all treatments and controls). During the study, 5 g (dry 
weight) of food (finely ground dried cow manure) moistened to 50 %, was 
added to each container in a hole made in the middle of the soil (Van Gestel 
et al., 1989). Additional food was introduced when the added food was 
consumed. Test containers were kept for 28 days in the dark at 20 ± 2 °C or 
26 ± 2 °C after which the adult worms were removed by hand sorting and 
adult mortality and biomass change were determined. The soil was returned 
to the test containers and they were incubated for another 28 days to allow 
for cocoon development. After 56 days the juveniles were expelled from the 
soil by placing the test containers in a water bath kept at 60 ˚C and counted. 
In addition, changes in the modified artificial soils and behavior of the 
worms (ability to burrow into and distribution in the test soil) were also 
observed. The standard artificial soil described by OECD and ISO was used 
as the control substrate.  
 In the second series of tests, the selected substrates were tested for their 
suitability in toxicity experiments using chlorpyrifos (98 % pure, 
Cheminova Ltd, Denmark), carbofuran (97 % pure, Sigma Aldrich, The 
Netherlands) and carbendazim (98 % pure, Sigma Aldrich, The 
Netherlands). Earthworm reproduction tests (ISO, 1998b; OECD, 2004a) 
were performed at 26 ± 2 °C. All tests included controls and solvent 
controls without pesticide treatment. The pure pesticides were mixed in AS 
and MAS using acetone (≥99.5% (Sigma-Aldrich). After mixing in, test 
soils were left overnight to allow the acetone to evaporate. Solvent controls 
received the same acetone treatment. Final end points of the tests were 
survival, behavioral changes, and number of juveniles after 56 days. 
 Levene’s test and the Kolmogorov-Smirnov test were performed to 
assess the homogeneity of variance and normal distribution of the data, 
respectively. Effects of the modified artificial soils on earthworm 
reproduction and growth were analyzed by ANOVA and Dunnett’s test. 
LC50 values for the effect of the test chemicals on earthworm survival and 
corresponding 95% confidence limits were calculated using the Trimmed 
Spearman Karber method (Hamilton et al., 1977). The model for logistic 
response (Haanstra et al., 1985) was used for calculation of EC50, EC10 and 
corresponding 95% confidence limits for effects on reproduction. 
Differences in EC50 values between different soil types were tested for 
significance using a generalized likelihood ratio test (Sokal and Rohlf, 
1995). No observed effect concentrations (NOEC) values were determined 
using ANOVA and Dunnett’s test. All statistical analyses were run in SPSS 
version 14.0.  
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Results 
 
Physico chemical characteristics standard and modified artificial soils 
 
Selected physico-chemical properties of modified artificial soils and the 
standard OECD artificial soil are given in Table 1. The soils differed 
markedly in certain properties, especially in pH. MASNCCP was acidic 
followed by the slightly acidic MASPH and MASSD, while the pH of the 
MASCCP and the OECD soil was closer to neutral. Higher Ca and Mg 
contents were found in MASCCP and OECD soils than in the other MAS. 
The concentration of essential elements such as NPK did not differ between 
soil types, and the same applied for organic carbon content, organic matter 
content and C/N ratio. The highest maximum water holding capacity was 
recorded in the OECD soil and the lowest in MASPH and MASSD.  
 
Performance of earthworms in modified artificial soils 
 
There was no adult mortality in the modified artificial soils except for 
MASNCCP with 40 % mortality. Formation of a thick fungal layer was 
noticed in MASSD and MASPH test containers. Homogeneous distribution of 
the introduced worms was observed in OECD AS, MASPH and MASCCP, 
while earthworm aggregation in the food was seen in MASSD and MASNCCP.  
 Effects of the different types of soil on weight change of the 
earthworms are shown in Figure 1. The overall soil effect was highly 
significant (F = 373.73, p < 0.001). Growth of adults in MASPH and 
MASCCP was not significantly different from the control OECD soil (p >  
 
 
Table 1. Selected physico-chemical parameters of the modified artificial 
soils and standard OECD soil used in this study. 
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 MASSD 
 
Parameter 
 
Method OECD MASCCP MASNCCP MASPH
pH (0.01M CaCl2) ISO (1994) 6.2 6.4 4.5 5.6 5.2 
N Total(% ) SLS (2003) 0.1 0.1 0.1 0.
P ( % ) SLS (2003) 0.08 0.1 0.1 0.
K ( % ) SLS (2003) 0.1 0.08 0.09 0.
Ca (mg kg-1) AOAC (2000) 240 8 7 4
Mg (mg kg-1) AOAC (2000) 100 144 188 10
C Org( % ) SLS (2003) 6.4 6.8 8.6 6.
Organic Matter (% ) Storer (1984) 8.5 8.8 10.6 8.
C/N ratio - 64 68 86 67 
Density (g cm-3) ISO (1998a) 1.1 1.2 1.1 0.
WHCmax ( % ) ISO (1998b) 82.5 70 66 42
1 0.03 
1 0.1 
1 0.1 
 7 
0 78 
7 7.0 
7 9.2 
233 
9 0.8 
 46 
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Figure 1. The growth of Eisenia andrei (mean ± SD, n = 4) after 28 days of 
incubation in different artificial soil types, see text for explanation. 
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Figure 2. Reproduction of Eisenia andrei, expressed as the number of 
juveniles produced (mean ± SD, n = 4) after 28 days of incubation in 
different artificial soil types, see text for explanation.  
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0.05). In MASSD a significant earthworm weight loss was recorded at 20 ºC 
but a slight weight gain was observed at 26 ºC (p < 0.05). In MASNCCP the 
earthworms lost over 25% of their initial body weight, and growth differed 
significantly from that in the control OECD AS (p < 0.05) at both 
temperatures. The mean number of juveniles produced after 56 days also 
varied in the different test soils (F = 494.44, p < 0.001, Figure 2). The 
highest numbers of juveniles were recorded in MASCCP, MASPH and the 
control OECD AS and the differences between these three treatments were 
not significant (p > 0.05). In MASNCCP E. andrei produced the lowest 
number of juveniles, followed by MASSD and the deviation from the OECD 
control soil was significant (p < 0.05).  
 
Toxicity of chemicals in modified artificial soils 
 
Based on the performance of the earthworms in the modified artificial soils, 
MASPH and MASCCP were selected for toxicity testing. The LC50 and EC50 
values for the effects of the three pesticides on the survival and 
reproduction of E. andrei in the different soil types are given in Table 2. For 
all three chemicals LC50 values in the modified artificial soils were similar 
to the value recorded in the OECD control soil. The numbers of juveniles 
were significantly higher in solvent treated controls than in untreated 
controls (t-test, p < 0.05), hence the solvent controls were used in further 
data analysis and interpretation of effects on reproduction. The dose-
response relationships for the effects of the three pesticides on the 
reproduction of E. andrei in MASCCP overlapped with those for OECD AS 
but no overlap was found for MASPH (Figure 3). The EC50 was similar in 
MASCCP and OECD AS for all three chemicals, and no significant 
difference was observed (Generalized likelihood ratio test, p > 0.05). A 
significantly lower EC50 was recorded in MASPH for all three pesticides (p < 
0.05). A similar trend was also observed for EC10 values except for 
carbofuran with no significant differences between the three soil types. For 
all three pesticides the NOEC values were below the lowest concentration 
tested. 
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Figure 3: Dose-response relationships for the effects of chlorpyrifos (left), carbofuran (middle) and carbendazim (right) on 
the reproduction of Eisenia andrei in OECD artificial soil and modified artificial soils using composted coco peat (MASCCP) 
and paddy husk (MASPH). 
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Table 2. Effects of three selected chemicals on the survival and 
reproduction of Eisenia andrei after 28 days exposure in standard OECD 
artificial soil (OECD) and manipulated artificial soils using composted coco 
peat (MSCCP) and paddy husk (MASPH). LC50, ECx values and 
corresponding 95% confidence intervals are given in mg a.i. kg-1 dry soil 
and * denotes significant differences as tested by a generalized likelihood 
ratio test (p < 0.05). 
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zim 
 
Chlorpyrifos 
 
Carbofuran CarbendaSoil type 
LC50 
 
EC50 
 
EC10 LC50 EC50 EC10 LC50 EC50 EC10 
OECD 150 
(132– 171) 
2.0 
(1.4-2.6) 
0.09 
(0.02- 0.15) 
12.9 
(11.1-15.1) 
1.1 
(0.9–1.3) 
0.26 
(0.21–0.32) 
39.0 
(33.2-45.7) 
1.0 
(0.8- 1.2) 
0.14 
(0.08- 0.26) 
MSCCP 154 
(134 – 177) 
2.0 
(1.3–2.7) 
0.08 
(0.01- 0.15) 
12.5 
(10.7– 14.6) 
1.2 
(0.9–1.4) 
0.18 
(0.11–0.24) 
40.9 
 (35.1-47.6) 
1.2  
(0.9-1.3) 
MSPH 142 
(122.– 164) 
0.5 * 
(0.4–0.6) 
0.03 
(0.01- 0.05) 
12.1 
(10.3– 14.1) 
  0.6 * 
(0.5–0.7) 
0.21 
(0.17–0.25) 
37.4 
(31.4-44.5) 
   0.5 *  
(0.3- 0.6) 
0.16 
(0.09- 0.22) 
0.04 
(0.02- 0.63) 
 
 
 
Discussion 
 
Replacing the organic matter component resulted in varying physico-
chemical properties of the resulting substrates although differences in 
general were small (Table 1). Noguera et al. (2000) have earlier reported 
similar physico-chemical parameters of peat and coir waste but no 
comparative studies with paddy husk and saw dust could be found in the 
literature. The most pronounced difference between the modified artificial 
soil types was the pH, which is important when performing standard 
toxicity tests. The modified artificial soils containing NCCP, PH and SD 
were slightly acidic in nature, which may have contributed to the 40 % 
earthworm mortality in MASNCCP and aggregation behavior towards food 
particles in MASSD and MASNCCP. The similar pH of OECD soil and 
MASCCP indicated that CCP could be a good alternative, which is also 
supported by homogeneous distribution of the worms in these substrates. 
Due to the acidic nature of the sphagnum peat the pH of the OECD soil 
usually has to be adjusted by adding CaCO3, whereas CCP is neutral by 
itself and does not require pH adjustment. However, Tapia et al. (2008) 
indicated that the physico-chemical properties of coco peat may vary with 
location and processing type and therefore the source of the coir dust will 
be a key factor when considering replacing standard sphagnum peat in 
artificial soil.  
 The performance of the earthworms in the modified artificial soils is a 
good indicator of the suitability of the alternative substrates for the OECD 
artificial soil. The ISO and OECD guidelines require ≤ 10% mortality in the 
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untreated controls in both acute and chronic tests as validity criteria. 
Furthermore they also require less than 20% weight loss compared to the 
initial biomass and ≥ 30 juveniles per replicate with a coefficient of 
variation of ≤ 30% (ISO, 1993; ISO, 1998b; OECD, 2004a). The higher 
mortality in MASNCCP at both test temperatures shows the unsuitability of 
NCCP as an alternative for sphagnum peat. This is also supported by the 
weight loss and lower juvenile production in MASNCCP (Figures. 1, 2). This 
could mainly be due to the acidic nature of the substrate that could trigger 
mortality, weight loss and lower reproduction. Lee (1985) reported that 
most earthworm species dislike pH values around 4.0-4.5 and Van Gestel et 
al. (1992) suggested an optimum pH range of 5.0-6.0 for E. andrei (see also 
Jänsch et al., 2005). Our study with acidic substrates also confirms the fact 
that a low pH is not suitable for this earthworm species. Although no 
earthworm mortality was recorded in MASSD, the significant weight loss 
and lower juvenile production at 20 ºC could be critical. The performance 
of earthworms in untreated MASCCP and MASPH controls was similar to that 
in OECD soil making them suitable alternative test substrates.  
 The LC50 values recorded for the effects of all three chemicals on 
earthworm survival were similar, indicating the suitability of CCP and PH 
as alternatives to sphagnum peat. The recorded LC50 values were within the 
range of a previous study by De Silva et al. (2009) for 26 ºC. These values 
are also in the range of LC50 values reported for carbofuran (Heimbach, 
1985; Haque and Ebing, 1983) but not for chlorpyrifos and carbendazim. 
Available 14-day LC50 values for chlorpyrifos (1077 mg kg-1 dry soil) and 
carbendazim (> 1000 mg kg-1 dry soil) are higher under different and similar 
test conditions, respectively (Ma and Bodt, 1993; Garcia, 2004). Lack of 
data under similar conditions hampers further comparison of the recorded 
LC50 values obtained for the different substrates. 
 For the effects on reproduction, results for the three pesticides varied 
with the substrates used. The dose – response curves for the effects on 
reproduction in MASCCP and OECD AS were similar for all three pesticides 
(Figure. 3), suggesting that similar results could be obtained by using 
MASCCP instead of OECD AS. The EC50 values reported for chlorpyrifos 
and carbendazim were only slightly lower than the values reported in our 
previous study (De Silva et al., 2009). However Garcia (2004) reported 14 
times higher EC50 for the effects of carbendazim on reproduction of Eisenia 
fetida at 28 ºC. No other data could be found for chlorpyrifos and 
carbofuran. In MASPH, however dose-response relationships and resulting 
EC50 values for all three chemicals were significantly different from those 
for MASCPP and OECD AS. As LC50 values were similar for MASCCP, 
MASPH and OECD AS, the lower EC50 in MASPH could be due to effects on 
cocoon development, which resulted in lower numbers of juveniles in 
MASPH. It is expected that microbial activity is greater in MASCCP than in 
MASPH. An active microbial community could cause faster degradation 
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(Singh and Walker, 2006) and lower the bioavailability of the chemicals in 
the soil. This could explain the lower EC50 observed for MASPH, but it 
could also be due to unexplained interactions between the pesticides tested 
and the physico-chemical properties of MASPH. Further studies with 
additional stress factors using MASPH as the substrate may explain the 
observed higher toxicity in MASPH.  
 
Conclusions 
 
The results of this study indicate that composted coco peat may be a good 
alternative to sphagnum peat in artificial soils for performing earthworm 
toxicity studies, which may be more practical especially in the tropics. 
Additional tests with metals, other organic chemical compounds and other 
organisms will be necessary to confirm the general suitability of composted 
coco peat as an alternative in soil invertebrate toxicity studies.  
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Abstract 
 
Effects of pesticides on structural and functional properties of ecosystems 
are hardly being studied under tropical conditions. In this study litter bag 
tests and earthworm field tests were performed simultaneously at the same 
field site sprayed with chlorpyrifos (CPF). The recommended dose of CPF 
(0.6 kg a.i ha-1) and two higher doses (4.4-8.8 kg a.i ha-1) significantly 
decreased litter decomposition during the first 3 months after application. 
Decreased organic matter breakdown could be explained from lower 
earthworm and termite abundances recorded during this period. Species-
specific effects of CPF on earthworm abundance and biomass were 
observed for Perionyx excavatus being mostly affected and Megascolex sp. 
least affected. Decomposition was completed already within 4 months after 
CPF application even in the treated plots, which suggests the need for 
modification of standard test guidelines to comply with faster litter 
degradation under tropical conditions.  
 
 
Key words: Litter bag test, Earthworm field test, Termites, Decomposition, 
Sri Lanka 
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Introduction 
 
Soil contamination due to increased use of agrochemicals and subsequent 
effects on soil fauna diversity and functions is a major concern for tropical 
ecosystems. Risk assessment and follow-up regulation of agrochemicals is 
an urgent need and also should be a part of sustainable agriculture. But such 
processes are being hampered by scarcity of data. Studies by Garcia (2004), 
Römbke et al. (2007), Garcia et al. (2008) and De Silva et al. (2009) have 
attempted to fulfill this gap of knowledge mainly by using basic and 
adapted laboratory toxicity tests. This classical approach of toxicity 
assessment using single species laboratory studies does not take into 
account ecologically relevant factors like the structure of the soil 
community and its role in the functioning of the soil ecosystem. The 
applicability of basic ecotoxicity tests to tropical ecosystems is also rather 
questionable, where complex environmental conditions and their 
interactions co-exist. A tiered approach has therefore been suggested 
(Römbke et al., 1996), which consists of laboratory tests together with 
semi-field and field studies. Such an approach seems more relevant in 
addressing the effects of soil pollutants in tropical systems. The importance 
of linking laboratory studies and field studies has also been highlighted by 
Van Gestel and Weeks (2004).   
 Stone (1995) and Ekschmitt et al. (2001) highlighted the importance of 
species diversity and their functions in soil ecosystems. Soil pollutants such 
as pesticides may cause serious damage to soil organisms and can cause 
population decline and community shifts. Such effects on structural 
properties of communities subsequently may affect soil functions, such as 
decomposition and nutrient cycling (Muthukaruppan et al., 2004; Römbke 
et al., 2005). This has been insufficiently studied under tropical conditions 
except for a few cases (Förster et al., 2006; Casabé et al., 2007; Reinecke 
and Reinecke, 2007). 
 Tropical soil ecosystems obviously differ from temperate ones in both 
biotic and abiotic components, but this may both increase and decrease the 
adverse effects of pesticides. Generally pesticides will be degraded faster 
under tropical conditions causing lower toxicity (Viswanathan and 
Krishanamurti, 1989; Laabs et al., 2000). Alternatively, activity of soil 
organisms may be higher in tropical soils compared to temperate climates 
due to warm and humid conditions and this may trigger higher uptake of 
pesticides and higher toxicity. De Silva et al. (2009) reported a higher 
toxicity of chlorpyrifos under tropical conditions due to higher activity of 
the earthworms but a lower toxicity of carbendazim due to faster 
degradation of the pesticide (see also Garcia, 2004). These contrasting 
results show the importance of semi-field and field studies under tropical 
conditions, which can give more realistic assessments and allow for 
validation of laboratory data. 
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 Organic matter decomposition is an important function of soil 
ecosystems (Lavelle et al., 1997). Ecological, microbiological, chemical, 
and physical endpoints can be used in assessing such functions in soil. Mass 
loss is the most common end point and it is also linked with biological, 
chemical and physical properties of the soil ecosystem. Effects of pesticides 
on decomposition rates are often assessed by litter bag tests. This is 
primarily targeting the effects of such products on the initial phase of the 
decomposition expressed as litter mass loss. This test is both simple and 
realistic for determining effects on soil functions and can be applied in 
semi-field and field conditions (Knacker et al., 2003; Römbke et al., 2003).  
 In turn proper functioning of the soil may mainly depend on the 
structure of the soil community such as diversity, abundance and biomass of 
soil organisms. These structural changes may be investigated by the 
earthworm field test described by ISO (1999a). Earthworms represent a 
major component of the soil community and they play a key role in soil 
functions such as decomposition, nutrient cycling, and soil structuring, 
which are all vital activities for the maintenance of healthy soil (Edwards, 
1998). Nevertheless earthworms are susceptible to many pesticides and are 
considered good indicators of pesticide pollution. The litter bag test and the 
earthworm field test are rarely being combined simultaneously in the same 
field experiment, despite the recommendations of Knacker et al. (2003). 
 The aim of this study was to determine the effects of chlorpyrifos 
(CPF), a frequently used pesticide in tropical countries, on litter 
decomposition and invertebrate community structure (earthworms, 
termites). 
 
Materials and Methods 
 
Study site & design 
 
The study site was situated in Walasgala (50 59’N, 800 41’E) in the 
Southern province of Sri Lanka. The site was used for cinnamon 
(Cinnamomum verum) cultivation a decade back. After that it has not been 
used for any other agriculture purposes and no prior application of any 
pesticides has been reported. Two months before starting the experiment the 
study site was subjected to mechanical weeding ensuring no or little 
disturbance of soil and soil organisms. Soil analysis prior to the experiments 
classified soil texture as sandy loamy with pH (0.01 M CaCl2) of 6.5 – 7.2, 
11% organic carbon, bulk density 1.4 g/cm3, 0.2 % N, 0.2% P and 0.05 % 
K. An earthworm field test and a litterbag test were performed in the same 
study site. Plots (n = 16) were laid out for earthworm field tests (10 x 10 m) 
and randomly assigned to one of three treatments and controls each with 
four replicates. Each plot was separated from its adjacent plots by 1 m to 
avoid possible cross contamination. Litter bag tests were performed in 
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randomly selected subplots (5 x 5 m, n = 16), residing inside the same plots 
assigned to earthworm field test. .    
 
Pesticide application and analysis 
 
Formulated chlorpyrifos (Judo 40 EC, 400 g l-1, Lankem Ceylon Limited, 
Sri Lanka) was applied on 26 August 2007, as an aqueous solution in three 
treatment levels (T1, T2 and T3) using a knapsack sprayer (16 l). T1 was the 
highest recommended dose (0.6 kg a.i./ ha) based on the pesticide 
recommendation guidelines published by the Department of Agriculture, Sri 
Lanka. T2 (4.4 kg a.i./ ha) was the dose equivalent to the EC50 value for the 
effects of chlorpyrifos on earthworm reproduction under tropical conditions 
(De Silva et al., 2009), which was seven times the recommended dose and 
also equivalent to the cumulated dose that could be expected after the 
average number of applications for one crop cycle under a worst case 
scenario. T3 (8.8 kg a.i./ha) was two times the EC50 value. The control plots 
received only water. Soil samples (0-5 cm) were taken from each plot for 
pesticide analysis during the study period, were thoroughly mixed to obtain 
a pooled sample for each treatment level and kept refrigerated until further 
analysis. Chlorpyrifos concentration in the soil samples was later 
determined at the Industrial Technology Institute, Colombo, Sri Lanka 
using GC techniques applying proper quality control measures.  
 
Litterbag test 
 
The test methodology was mainly based on the guidelines for assessment of 
organic matter breakdown in litter bags described by Römbke et al. (2003) 
and OECD (2006), with slight modifications. Litter bags were prepared 
from nylon nets with 5 mm mesh size primarily used for manufacturing 
fishing nets. Each litterbag (10 x 20 cm) was filled with 5 – 6 g of air dried 
(30 - 32 0C) paddy straw (Oryza sativa, > 90 % stalk), ensuring a thin and 
evenly distributed layer inside the litterbag. Litterbags (n = 30 for each 
replicate plot) were buried in the top soil layer at a depth of about 1-2 cm 
before CPF application. 
 Litterbags (n = 6) were randomly sampled at monthly intervals from 
each plot after CPF application. Soil, soil organisms and other debris were 
separated from the litter by dry sieving followed by wet sieving. Resulting 
litter material was air died for 12 hrs at 30-32 0C and weighed (W1). Litter 
material was then subjected to combustion in porcelain crucibles at 550 0C 
for 45 minutes. Crucibles were left to cool down in a dessicator till a 
constant weight was achieved and final weight was determined (W2). Loss 
on ignition (LOI) was calculated as W1 – W2 (g). Additional soil and straw 
(n = 10 each) were taken to determine the soil correction factor (SCF) and 
straw correction factor (StCF). SCF was calculated as (soil input - ash 
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residue) / soil input and StCF was determined as ash residue / straw input. 
Corrected loss on ignition (CLOI) and non-degraded straw (NDS) values 
were calculated as: 
 
CLOI = LOI – (SCF x (W2 / (1 – SCF))) 
 
NDS = CLOI + (StCF x CLOI x SCF / (1-SCF)) 
 
Organic matter breakdown was then determined by subtracting NDS from 
the initial weight of the straw sample. 
 
Soil fauna sampling 
 
An earthworm field test was performed in accordance with the ISO 
guideline 11268-3 (ISO, 1999a) with slight modifications. Prior to CPF 
application and 1, 2, 3, 6 and 12 months after pesticide application 
earthworm sampling was done by hand-sorting in randomly selected areas 
(50 cm x 50 cm, 5 - 10 cm depth) representing 4 replicates for each plot. 
Species identification was based on the keys by Stephenson (1923), Gates 
(1945) and Blakemore (2006). Total adult and juvenile earthworm 
abundance and biomass (wet weight) were determined. Because of their 
role in organic matter break down in tropical conditions, abundance of 
termites was also determined in the same soil samples extracted for 
earthworm sampling. 
 
Statistical analysis 
 
Prior to analysis Levene’s test and Kolmogorov-Smirnov test were 
performed to test homogeneity of variance and normal distribution of the 
data. The effects of CPF on earthworm abundance, biomass and mass loss 
at each sampling time were compared to control plots using one-way 
ANOVA. In case of significance difference in the treatments, multiple 
comparisons were done using Dunnett’s test. All statistical analyses were 
done using SPSS version 14.0. 
 
Results 
 
Rainfall data 
 
Rainfall data obtained from the Department of Meteorology, Colombo, Sri 
Lanka during the study period (August 2007- August 2008) is given in 
Table 1. Highest rain fall was recorded prior to application and during 1-2 
months after application then decreased with time and later increased in 
May 2008. 
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Table 1. Rainfall data obtained from the Department of Meteorology, 
Colombo, Sri Lanka for a station near the study area. 
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m) 
 
 
Month 
 
 
Rainfall (mm) 
 
Month 
 
Rainfall (m
August 2007 
 
456.0 February 2008 45.6 
September  
 
568.5 March 112.4
October  
 
369.5 April 73.9
November  
 
79.1 May 22.4
December 
 
35.7 June 303.4
January 2008 
 
6.1 July 2008 152.
 
 
 
 
5 
  
 
Table 2. Chlorpyrifos levels in pooled soil samples immediately after 
application and after 30, 60 and 90 days. Treatment levels are expressed as 
kg a.i. ha-1 and all the other values are expressed as mg a.i. kg-1 dry soil. 
 
 
Treatment 
(kg a.i ha-1) 
 
 
0 days  
(mg a.i kg-1) 
 
30 days 
(mg a.i kg-1) 
 
60 days 
(mg a.i kg-1) 
 
90 days 
(mg a.i kg-1) 
 
0.6 
 
0.81 0.05 ND ND 
 
4.4 
 
4.97 3.64 2.90 ND 
 
8.8 
 
8.96 7.50 2.86 ND 
  
ND: not detected 
 
 
Chlorpyrifos analysis 
 
Chlorpyrifos concentrations measured in pooled soil samples representing 
the three treatments are given in Table 2. After 1 month of application, at 
the lowest dose only 6% of the initial CPF concentration was detected.  But 
at two higher doses 73 % and 84 % of the initial CPF concentration was 
detected after 1 month. CPF was no longer detected after 3 months of 
application at all three doses. From these data, and assuming first order 
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degradation kinetics, half lives of 76 and 36 days may be calculated for the 
highest two doses during the first 60 days of the CPF application.     
 
Litter bag test 
 
Mean mass loss (%) in litter bags as a function of sampling time is 
presented in Figure 1. Mass loss in the control plots increased from 44% 
after 1 month to 100% after 4 months of CPF application. Litter 
decomposition was significantly reduced at the two highest doses after one 
month and at all treatments after two and three months (p < 0.05, Dunnett’s 
test).  After 4 months, litter decomposition was completed in the controls 
and in the lowest two doses but still delayed at the highest dose (Figure 1). 
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Figure 1: Effects of chlorpyrifos on the development with time of the mean 
mass loss (± SE, %) of litterbags incubated in a tropical agricultural soil (n 
= 6). * Indicates a significant difference from the control plots (p < 0.05, 
Dunnett’s test) at each sampling time (in months). C = control, T1, T2, and 
T3: chlorpyrifos dosages of 0.6, 4.4 and 8.8 kg a.i. ha-1, respectively. 
 
 
Earthworm abundance and biomass 
 
A total of ten earthworm species were recorded throughout the study period. 
Nearly 60 % of them belonged to the Family Megascolecidae. Three species 
were identified to be Dichogaster bolaui (Michaelsen), Perionyx excavatus 
(Perrier), and Lampito mauritii (Kinberg); the biggest earthworm species 
76 
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found (80 - 90 cm long) belonged to the genus Megascolex. This species 
has never been documented in the earthworm fauna of Sri Lanka and 
possibly is a new species (pers. com., J.M. Julka). Other species could not 
be identified due to their low numbers and lack of good samples. The mean 
adult and juvenile earthworm abundance is given in Figure 2. The total 
number of earthworms prior to the experiment showed no differences 
between plots assigned and amounted 25 - 34 adult worms and 28 - 33 
juveniles per 0.25 m2. 
 The number of adult earthworms in all field plots gradually decreased 
with time during the first 6 months but increased after 12 months. Juvenile 
numbers were more constant throughout the year. CPF at the two highest 
doses significantly reduced both adult and juvenile numbers after 1 month 
(p < 0.05, Dunnett’s test). Juvenile numbers were still reduced at both doses 
after 2 months but the number of adults was only significantly lower at the 
highest dose. After 3 months both juveniles and adult numbers were still 
significantly lower at the highest dose compared to the controls (Figure 2). 
 Figure 3 illustrates the mean abundance of each commonly found 
earthworm species with sampling time. During the 2-6 month post-
treatment period, the mean abundance of Megascolex species was not 
affected by CPF as the number of individuals found was already rather low 
or zero. The lowest abundance of Lampito mauritti was found at T3 after 
one month of CPF application and in case of Dichogaster bolaui the lowest 
number was observed two months after CPF application. Lower numbers of 
Perionyx excavatus were recorded at the highest two doses and after 2 - 6 
months of application and differences were significant when compared to 
the control plots (p < 0.05, Dunnett’s test). Similar trends were also 
observed for the mean biomass of the individual earthworm species (Figure 
4). 
 
Termite abundance 
 
No significant differences in the abundance of termites were observed 
between the different plots prior to CPF application. A total number of 96 - 
128 individuals per 0.25 m2 were found. In the control plots termite 
abundance slightly varied with time and the highest abundance was 
recorded after 12 months. Termite abundance was significantly reduced at 
the two highest CPF doses after 1 month and all three doses after 2 and 3 
months. No significant differences in termite abundance were found after 6 
months (Figure 2). 
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Figure 2: Effects of chlorpyrifos on the development with time of the total 
abundance (mean ± SE, 0.25 m2) of termites, adult and juvenile earthworms 
in experimental field plots.  * Indicates a significant difference from the 
control plots (p < 0.05, Dunnett’s test) at each sampling time (in months; 
PA = prior to pesticide application). C = control, T1, T2, and T3: 
chlorpyrifos dosages of 0.6, 4.4 and 8.8 kg a.i. ha-1,respectively. 
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Figure 3: Effects of chlorpyrifos on the development with time of the mean 
abundance (± SE, 0.25 m2) of different earthworm species in experimental 
field plots. * Indicates a significant difference from the control plots (p < 
0.05, Dunnett’s test) at each sampling time (in months; PA = prior to 
pesticide application). C = control, T1, T2, and T3: chlorpyrifos dosages of 
0.6, 4.4 and 8.8 kg a.i. ha-1 , respectively. 
 
 
Discussion 
 
Organic matter breakdown is an essential function of the soil and litter bag 
tests are appropriate in evaluating pesticide effects on it (Lavelle et al., 
1997; Dinter et al., 2008). Generally plant protection products were shown 
to cause effects on organic matter breakdown (Knacker et al., 2003; Dinter 
et al., 2008). The present study also reports significant effects of CPF on 
organic matter break down during 2 - 3 months after application at the 
recommended dose (0.6 kg a.i./ha). In tropical environments, abiotic factors 
like higher temperature and moisture could play a more important role in 
decomposition rates than in temperate climates. In turn decomposition rate 
may depend on soil structure and litter quality (Bargali et al., 1993). 
Therefore observed effects could be linked to effects of CPF on soil 
organisms. 
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Figure 4:  Effects of chlorpyrifos on the development with time of the 
mean biomass (± SE, g / 0.25 m2) of different earthworm species in 
experimental field plots. * Indicates a significant difference from the 
control plots (p < 0.05, Dunnett’s test) at each sampling time (in months; 
PA = prior to pesticide application). C = control, T1, T2, and T3: 
chlorpyrifos dosages of 0.6, 4.4 and 8.8 kg a.i. ha-1, respectively. 
 
 
Effects of CPF on organic matter breakdown have hardly been reported 
except for Siedentop (1995) and Casabé et el. (2007). Their results are 
contradictory with the results reported here. Siedentop (1995) found effects 
of CPF on organic matter breakdown at a dose of 1.92 kg ha-1 using rye 
straw but the effects were not statistically significant. Application of 
formulated CPF (0.62 kg a.i /ha), which is similar to the T1 dose used in the 
study under tropical conditions, did not have any effects on mass loss of 
dried lucerne leaves (Casabé et al., 2007). Influence of pesticides on organic 
matter breakdown under tropical conditions could be masked by other 
abiotic and biotic factors of the system (Garcia, 2004; Förster et al., 2006; 
Casabé et al., 2007). The descriptive nature of these limited studies makes 
them rather difficult to compare due to the many factors that can affect the 
process (see Knacker et al., 2003). 
 Earthworm abundance and biomass were significantly reduced for 1 - 3 
months after CPF application. This effect coincided with the presence of 
CPF residues in the soil. At the two higher doses, CPF was degraded with 
half-lives between 36 and 76 days and completely gone after 3 months. 
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These half lives are much lower than previously recorded values of 60 and 
120 days (Wauchope et al., 1992). But half life in soil may depend on soil 
type, climate and other factors hence comparing half lives under different 
field conditions is hardly possible. Still it was clear that Megascolex sp. was 
not affected by CPF application even at the highest dose. Indeed this 
species is an endogeic species living in deep burrows; it is present in the 
litter layer only for feeding. Therefore we expect that the presence of CPF 
in the soil may trigger avoidance and escape to deep burrows with no 
noticeable biological effects. In contrast epigeic species Perionyx excavatus 
was highly affected by CPF during 1 - 3 months after application and could 
not be found during 2 - 3 months in plots receiving the highest dose. De 
Silva and Van Gestel (Chapter 4) indicated that P. exvavatus could only 
avoided CPF concentrations  > 30 mg a.i kg-1 dry soil in both artificial and 
natural soils under tropical conditions, explaining the fact that it was 
affected by the doses applied in this study. Lampito mauritii and 
Dichogaster bolaui were only slightly affected in the first 2 months at the 
highest dose applied. Reinecke and Reinecke (2007) reported no significant 
differences in density of earthworms in orchards and adjacent areas after 
CPF application (a.i 480 g/L, 1500 mL/ha) but predicted adverse chronic 
effects. O’Halloran et al. (1999) and Booth et al. (2001) could not find any 
effects of CPF at recommended dose on earthworm communities in New 
Zealand, but species composition and abiotic factors were very different 
from those in our study. 
 This present study also reports large effects of CPF on termite 
abundance (Figure 2) compared to their presence in control plots throughout 
the study period. The number of termites per 0.25 m2 was higher than the 
total number of earthworms though their biomass may be lower. Generally 
termites are susceptible to CPF as it is widely used as termiticide in the 
tropics. The colonization of litter by termites may greatly accelerate 
decomposition (Lavelle et al., 1993; Didham., 1998; Martius et al., 1998). 
The reported effects of CPF on litter decomposition might be mediated 
through its toxicity to termites and therefore termite abundance should also 
be incorporated into future studies under tropical conditions. 
 This study highlights the challenges facing tropical risk assessment 
using guidelines developed for temperate regions. Garcia (2004) reported 
that there should be no major set back in implementing guidelines for 
litterbag tests under tropical conditions except for site selection. However, 
the present study shows the importance of test duration and litter quality in 
performing such tests in the tropics. The technical guidelines aim for a 
duration of 6 months, equivalent to 60% mass loss in the control. This 
duration is based on the studies carried out so far in temperate regions, 
where 17 out of 29 studies recorded 60 % mass loss in the controls after 6 
months (Dinter et al., 2008). Föster et al. (2006) have also reported a similar 
mass loss upon the same test duration in Brazil. But Casabé et al. (2007) 
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reported 60 % mass loss of lucerne leaves already 10 days after application 
of CPF in an Argentinean soya field. This study also indicated faster mass 
loss in controls after 2 months. It is obvious that litter quality is a major 
factor in this faster decomposition, nevertheless it could be predicted that 
the standard test duration for temperate conditions may not be applicable to 
tropical conditions. A shorter duration with more frequent sampling may be 
more appropriate for tropical conditions. 
 
Conclusions 
 
Chlorpyrifos application may cause adverse effects on organic matter 
breakdown under tropical conditions. The effects were obvious for 2 - 3 
months after application even at the recommended dose. Decreased 
decomposition could be linked with effects of CPF on the abundance and 
biomass of soil organisms such as termites and earthworms. Effects of CPF 
were greater for the epigeic species Perionyx excavatus than in for the 
endogeic Megascolex sp. To fit tropical conditions, shorter test duration and 
a more frequent sampling schedule should be used when performing 
standardized litter bag tests. Simultaneous studies of earthworm field tests 
with litter bag tests may give a good impression of pesticide effects on both 
functional and structural end points in soil and therefore future studies 
combining both tests should be encouraged.  
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General Discussion 
 
Pesticides and their effects on non-target organisms in tropical regions have 
drawn relatively little attention in spite of increasing knowledge in 
temperate regions like North America and Europe.  The aim of this thesis 
therefore was to attempt to fill this gap of knowledge to a certain and 
significant extent. To achieve this aim, effects of commonly used pesticides 
in Sri Lanka, as a representative of tropical regions, were studied using 
earthworms as model organisms. 
 
Temperature, soil types and toxicity 
 
Climate in tropical temperature regimes is mainly warmer and more 
uniform (yearly average) than in temperate regions. It has been well 
identified that temperature is a key element that affects toxicity of 
chemicals and knowledge on temperature-effect relationships is essential 
for a proper risk assessment of chemicals in tropical regions. Therefore 
comparative studies of temperature effects on pesticide toxicity are key 
issue addressed in this thesis. 
 Garcia (2004) first attempted to compare the toxicity of selected 
pesticides in temperate and tropical conditions. His results gave more 
dimensions to current tropical ecotoxicology but the use of a tropical strain 
of Eisenia fetida hampered direct comparison of temperature effects under 
both conditions. In Chapter 2 of this thesis, the effect of temperature on the 
toxicity of chlorpyrifos, carbofuran and carbendazim was described using 
the same species (E. andrei), soil types and endpoints hence avoiding the 
use of different ecotypes of the test species. The only differences were the 
environmental temperatures selected to be 20 0C (temperate) and 26 0C 
(tropical). 
 In general higher temperatures may exacerbate toxicity (Gordon, 2003). 
This is also linked with additional stress factors that may be enhanced by 
higher temperatures together with toxicity of the chemical itself. Indeed, for 
effects on survival, toxicity of chlorpyrifos in both artificial and natural 
soils was higher at 26 0C than at 20 0C (Chapter 2). Earthworms may take 
chemicals up through skin or by ingestion (Lord et al, 1980; Belfroid et al, 
1994). Initial sudden exposure of earthworms to chlorpyrifos may increase 
their activity as observed in our experiments. As a result they may have 
higher food intake and more intense contact with soil and pore water. This 
may trigger higher uptake of pesticides and possibly lead to a higher 
toxicity. 
 On the other hand degradation kinetics of chemicals is largely 
depending on temperature; higher temperatures may stimulate microbial 
activity and enhance degradation, resulting in a reduced toxicity of the 
parent compound. Carbendazim was more toxic under representative 
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temperate conditions than under tropical conditions irrespective of soil 
types and endpoints measured. This was also supported by Garcia (2004) 
who reported a factor of 172 differences in carbendazim toxicity to E. fetida 
under temperate and tropical conditions, which could mainly be explained 
from the faster degradation of carbendazim at higher temperatures. This 
faster degradation and resulting lower toxicitiy at 26 0C were also observed 
for sub-lethal endpoints with all three pesticides tested.  
 From the results of Chapter 2, it is clear that soil type may also affect 
toxicity of the pesticides, which could be linked with sorption. Sorption is a 
key process that governs bioavailability of chemicals and largely depends 
on soil organic matter content (Spark and Swift, 2002; Coquet, 2003). 
Therefore natural soils, which have lower organic matter content than 
artificial soils, as used in this study, may exhibit higher toxicity. Observed 
higher effects of the three pesticides on reproduction and growth in natural 
soils irrespective of temperatures could be explained from the lower organic 
matter content of the used soils especially for LUFA 2.2.  
 In conclusion, temperature could be a critical factor affecting survival of 
earthworms upon pesticide exposure. For the effects on sub-lethal 
endpoints, such as reproduction and growth, soil type and the nature of the 
pesticide seems more important than temperature. The complexity of 
toxicity under tropical conditions, which ultimately depends on a variety of 
interacting factors, illustrates the need for caution using temperate data in 
tropical risk assessments.   
 
Species specific sensitivity        
 
Species selection in earthworm toxicity tests mainly depends on life cycle 
and the potential for laboratory culturing. E. fetida and E. andrei have been 
widely used as they are very easy to breed and maintain under laboratory 
conditions. Ecological relevance of these species has largely been ignored 
and remains a concern in ecotoxicity tests. Species specific sensitivity of 
earthworms to pollutants is well documented and depends mainly on 
physiological, morphological and ecological characters (Edwards and 
Bohlen, 1996; Stephenson et al, 1998; Lukkari and Haimi, 2005). In 
Chapters 3 and 4, it was shown that the sensitivity of E. andrei and the 
tropical earthworm species Perionyx excavatus greatly varied with 
endpoints measured. In case of survival, P. excavatus was more sensitive 
for pesticides than E. andrei. In general P. excavatus is smaller than E. 
andrei resulting in a larger surface to volume ratio that may lead to faster 
uptake kinetics. In addition AChE inhibitors used in this study, such as 
chlorpyrifos and carbofuran, may trigger uptake within an even shorter 
time. This higher sensitivity may also be linked with higher activity, lower 
fat content, difference in metabolic capacity and other physiological 
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characters. But lack of comparative knowledge on all these factors for the 
two species hampers further conclusions.   
 Contradictory, sub-lethal endpoints such as reproduction and avoidance 
suggest that the standard species E. andrei is more sensitive than the local 
species P. excavatus. The standard earthworm reproduction test runs 
through 56 days including 28 days exposure of the adult worms and an 
additional 28 days to allow for hatching of the cocoons. Effects on the 
number of juveniles after pesticide exposure could be due to effects on 
cocoon production during the first 28 days and as well as effects on cocoon 
hatchability or juvenile survival. In the long run, especially for effects on 
hatching and juvenile survival, degradation of pesticides might be more 
important. Therefore species sensitivity differences to sub-lethal endpoints 
like reproduction may mostly be masked by the fate of pesticides in soil. 
This argument may not be hold for the avoidance tests (Chapter 4), which 
clearly show that E. andrei is more sensitive than P. excavatus. This higher 
sensitivity could be a result of the choice of the pesticides used. Both 
chlorpyrifos and carbofuran are AChE inhibitors and may cause paralysis in 
organisms. The observed attraction of P. excavatus to lower pesticide 
concentrations remains unsolved, but it is clear that they were less capable 
of detecting low concentrations of these pesticides than E. andrei. This is 
not in agreement with work reported by Reinecke et al. (2002) where P. 
excavatus was more sensitive to mancozeb than Eisenia sp.  From these 
results it can be concluded that species sensitivity is highly dependent on 
the type of pesticide and the endpoints measured.   
 
Linking laboratory data to field  
 
Extrapolation of laboratory studies to realistic field conditions is rather 
difficult mainly due to the masking of the effects in field by other 
environmental variables. Nevertheless Chapter 6 of this thesis indicates that 
such linking could be successful. Chlorpyrifos application to soil reduced 
earthworm and termite abundance and organic matter breakdown even at 
the recommended dose of 0.6 kg a.i. ha-1. In Chapter 2, it has been shown 
that NOEC for reproduction and growth is < 1 mg a.i. kg-1 under similar 
conditions but with E. andrei. The second highest dose (4.4 kg a.i. ha-1), 
which is equivalent to the EC50 value for the eefects on the reproduction of 
E andrei (Chapter 2), also coincidently equals the cumulative dose applied 
during one crop cycle. Due to degradation and crop interception, direct 
exposure to this dose may not be realistic. Nevertheless such doses may be 
found considering the unnecessary repeated applications, over-application 
and improper mixing and handling of spray equipment common to tropical 
agriculture practices. Van Gestel (1992) also found fairly good agreement 
between lab and field data but did not include functional endpoints. The 
observed effect on species like P. excavatus indicates the importance of 
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using naturally occurring and ecologically relevant species in toxicity 
studies. This thesis could only contemplate on a single occasion of linking 
laboratory data and field conditions and therefore more research under 
realistic conditions will be necessary.  
 
New developments in tropical ecotoxicology 
 
This thesis illustrates the need for new tools and considerations for tropical 
regions. One main obstacle was the lack of suitable tropical substrates to 
perform toxicity tests. Artificial soil typically representative of temperate 
regions has been used in toxicity studies for decades and enhanced the 
uniformity of comparative studies. Further development of such artificial 
substrates for tropical areas, first initiated by Garcia (2004), was performed 
and successfully validated with a few selected pesticides. In general, 
replacing sphagnum peat in tropical countries is not an uneasy task due to 
the greater availability of materials. Coco peat, saw-dust and paddy husk all 
proved to be useful in early investigations and finally composted coco peat 
was selected as suitable replacement for tropical artificial soils (Chapter 5). 
Further use of the new developed tropical artificial soil needs more research 
especially with other pesticides, metals and the other organic chemicals 
with different modes of action. In addition physico-chemical properties of 
the coco peat may vary with the location and type of processing (Tapia et 
al., 2008). Therefore standardization of this substrate by ring testing in 
tropical countries will become a priority in future studies.  
 The results described in Chapter 6 demonstrate the need for 
modification of standard higher tier test guidelines according to tropical 
conditions. Organic matter break down was much faster in the tropics than 
in the temperate regions; therefore time duration should be carefully 
evaluated after future studies in the region. Litter type, quality and mainly 
contribution of different soil organisms to organic matter decomposition 
may also change with different abiotic and biotic factors of the region and 
should be taken into account in future studies. The biggest obstacle is poor 
understanding of the role of different organisms in decomposition in 
tropical ecosystems. It may hamper linking effects on structure and 
functioning of ecosystems and predicting effects on ecosystem functioning. 
This was clearly shown in Chapter 6. Decreased abundance of both termite 
and earthworm populations could be linked to delay in organic matter 
decomposition but the proportional contribution of each group to soil 
functions could not be quantified. Nevertheless the use of available test 
guidelines proved to offer an excellent starting point although slight 
modifications will be needed to make them applicable to tropical regions.   
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Avoidance test: obligatory for tropical regions? 
 
Pesticide regulation in tropical countries like Sri Lanka is primarily based 
on risks to human health. The well being of non-target organisms generally 
is neglected due to the lack of knowledge and proper assessment tools 
specific for the region. The earthworm avoidance test, which is a 
complementary screening tool in soil risk assessments (Slimak, 1997; 
Hund-Rinke et al., 2002), has a short duration and lower costs than the 
standard acute and chronic tests. In Chapter 4 it is illustrated that the 
sensitivity of the avoidance test is always higher than that of the earthworm 
survival test and sometimes even higher than the reproduction test. An 
increasing number of new or modified pesticides in the form of various 
formulations are introduced to the tropical markets every year. Regulatory 
authorities however, still depend on details given by the manufacturers. 
These details are more relevant to temperate regions where the pesticides 
have been developed and manufactured. It is accepted that most of the 
developing countries have no capacity to test each and every chemical that 
enters to the market. Therefore fast and cheap tests are urgently needed. 
One good alternative is the inclusion of the earthworm avoidance test as an 
obligatory in regulation and registration of pesticides to provide a fast 
assessment of potential pesticide effects on soil organisms.    
 
Implications for Sri Lankan scenario 
 
In Sri Lanka, the main pesticides registered are organophosphates, 
carbamates, amides, dithiocarbamates and inorganic compounds. The 
selection of the chemicals for this thesis was primarily based on the 
pesticide usage in Sri Lanka and the availability of comparative toxicity 
data in other regions. Therefore the pesticides most frequently used 
carbofuran, chlorpyrifos, mancozeb and carbendazim (also as reference 
chemical) were selected for this study.  Based on the endpoints investigated 
in Chapters 2, 3 and 4, the general order of toxicity of these pesticides was 
carbofuran > carbendazim > chlorpyrifos > mancozeb. No previous record 
of the toxicity of these pesticides to earthworms (standard tests developed 
by OECD and ISO) under tropical conditions existed except for 
carbendazim (Garcia, 2004). As stated in the general introduction, 
carbofuran is the most commonly used insecticide / nematicide in Sri Lanka 
and widely used in variety of crops including rice, vegetables and friuits. 
The results shown here indicate that it is the pesticide most toxic to 
earthworms under tropical conditions. Carbofuran, which has been 
classified as “highly hazardous” by WHO (2004), has been banned in 
temperate regions. The current use of the 3% formulation of this chemical 
in Sri Lanka may vastly reduce its risk to humans but its effects on 
beneficial soil organisms such as  earthworms may still be very high, which 
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is well supported by data presented in this thesis. Therefore restricted use or 
even banning the use of carbofuran in Sri Lanka should be considered.  
 
Future Perspectives 
 
Tropical countries like Sri Lanka often lack specific country/regional 
information on pesticides and their effects on soil organisms. This thesis 
contributes to fulfill this lack of knowledge and information to some extent. 
It is expected that this work will further contribute to improvement of the 
scientific evaluation of pesticide side effects on soil organisms. This work 
also indicates the necessity for more information on pesticide effects as they 
may depend on different factors like types of pesticide and mode of action, 
temperature, species, endpoints, soil types and their complex interactions. 
Future investigations on pesticide effects in tropical regions should be 
performed also linking with pesticide fate and behaviour in tropical 
environments. Knowledge obtained through these studies should be helpful 
for respective authorities in taking decisions on further reducing pesticide 
use and increasing sustainable crop protection. In addition incorporation of 
locally available data in future risk assessments is necessary and further 
collaborative studies within the tropical regions may provide better 
understanding of the regional aspects.   
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Summary 
 
Expansion of agriculture in tropical regions is heavily relying on the use of 
pesticides. Pesticides however, are generally also toxic to non-target soil 
organisms and as a consequence may hamper proper functioning of the soil. 
Sustainability of tropical agriculture therefore requires information on the 
effects of pesticides on beneficial soil organisms like earthworms, which 
play an important role in the soil ecosystem. Nevertheless pesticide toxicity 
under tropical conditions is only rarely assessed and understanding the 
effects in such conditions remains a priority. Tropical risk assessment often 
is relying on data generated under temperate conditions. This approach is 
rather questionable mainly due to different climatic conditions. Therefore it 
is essential to understand pesticide toxicity and the consequent ecological 
effects under tropical conditions.  
 The main objective of this thesis was to asses the toxicity of some 
selected pesticides to earthworms under tropical conditions. The effects 
were investigated using basic and extended laboratory tests and linking 
them with field studies. In addition, it was focused on the development of 
new tools for tropical ecotoxicology. 
 In Chapter 2, it was hypothesized that temperature and soil type may act 
as critical factors that modify pesticide toxicity. The effects of three 
commonly used pesticides, chlorpyrifos, carbofuran and carbendazim, on 
the survival, growth and reproduction of the standard test species Eisenia 
andrei were investigated in different soil types at representative temperate 
and tropical conditions. In case of survival, toxicity of chlorpyrifos and 
carbofuran in artificial soil was higher at 26 °C than at 20 °C. But in natural 
soils, carbofuran was most toxic at 20 °C while chlorpyrifos remained more 
toxic at 26 °C. The higher activity of earthworms at higher temperatures 
may trigger a higher uptake of pesticides causing larger effects on survival 
under representative tropical conditions. However, sub-lethal endpoints, 
such as growth and reproduction, did not show clear differences between 
the tested temperatures and varied with different soil types indicating that 
the nature of the pesticide and soil type were more important than 
temperature. Effects of carbendazim on survival, growth and reproduction 
of Eisenia andrei were lower at 26 °C than at 20 °C suggesting temperature 
may also influence the stability of the pesticide and its degradation kinetics, 
resulting in a lower toxicity at higher temperatures. In conclusion, Chapter 
2 suggests that pesticide toxicity may differ with temperature and soil type; 
therefore temperate data should only be used with caution in tropical risk 
assessment. 
 Tropical risk assessment currently uses data generated with the 
temperate compost worms Eisena fetida and Eisena andrei. These species 
are less ecologically relevant as they are rarely found in natural soils. One 
good alternative is to use indigenous species specific to tropical regions. 
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Therefore the toxicity of chlorpyrifos, carbofuran and mancozeb to the 
tropical earthworm species Perionyx excavatus was investigated in Chapter 
3. In addition effects of both pure compounds and formulated products were 
compared to estimate the possible added toxicity of formulated products 
that is often neglected in toxicity studies. Carbofuran was most toxic to 
Perionyx excavatus under tropical conditions followed by chlorpyrifos and 
mancozeb. In case of survival, comparison with toxicity data generated for 
chlorpyrifos and carbofuran in Chapter 2 revealed that Perionyx excavatus 
was more sensitive than the standard species Eisenia andrei. However, for 
sub-lethal effects differences in sensitivity were relatively small. Generally, 
the toxicity of formulated products was higher than that of the pure 
compounds. Nevertheless, results suggest that the toxicity of formulated 
products may be masked by interactions with the soil resulting in more or 
less similar toxicities of formulations and the pure compounds. In addition, 
Chapter 3 shows that Perionyx excavatus may be used as a good alternative 
test species under tropical conditions in future studies, applying the 
available standard test guidelines for Eisenia sp. 
 Lack of cost-effective tests with short duration often hampers the risk 
assessment of pesticides under tropical conditions. Recently the earthworm 
avoidance test has been considered a good alternative in toxicity studies. In 
Chapter 4, earthworm avoidance tests were performed with the standard 
temperate test species Eisenia andrei and the tropical earthworm species 
Perionyx excavatus, using a in two-chamber test system with artificial soil 
and a selected natural soil at a representative tropical temperature (26 °C). 
The EC50 values for the effects on avoidance behaviour for both 
chlorpyrifos and carbofuran indicated that Eisenia andrei was a factor of 2-
3 more sensitive than Perionyx excavatus under tropical conditions. An 
important finding was the attraction of Perionyx excavatus at lower 
concentrations of both pesticides tested and in both soils; hence it was 
suggested to use avoidance tests with local species with extra caution as it 
might lead to wrong estimations of the effects. Comparison with literature 
data showed that endpoints generated through earthworm avoidance tests 
are generally less sensitive than reproduction but more sensitive than 
survival and therefore could be used in the initial risk assessment to 
facilitate pesticide regulation in tropical regions. 
 The standard test guidelines for earthworm toxicity testing often use the 
OECD artificial soil, which is composed of sand, kaolin clay and sphagnum 
peat. Development of a tropical artificial soil is timely needed due to 
increasing costs, non-availability and environment concerns associated with 
sphagnum peat. The suitability of locally available, environmentally 
friendly substrates such as coco peat (composted and non-composted), saw 
dust and paddy husk was investigated in Chapter 5. Modified artificial soils 
were prepared by substituting sphagnum peat in the standard artificial soil. 
Survival, growth and reproduction of Eisenia andrei in the modified 
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artificial soils were tested in the first phase with comparison to standard 
artificial soil. The results indicated the suitability of modified artificial soils 
prepared with composted coco peat and paddy husk. During the second 
phase toxicity of chlorpyrifos, carbofuran and carbendazim for Eisenia 
andrei was determined to validate the two selected substrates. For all three 
pesticides LC50 values found in standard artificial soil and soils modified 
with composted coco peat and paddy husk did not differ significantly. EC50 
values for the effects on reproduction were similar in standard artificial soil 
and soil modified with composted coco peat but lower in soil modified with 
paddy husk. These results suggest that composted coco peat might be a 
good alternative for sphagnum peat and can be used in tropical 
ecotoxicology. Standardization of this new substrate however, warrants 
further studies. 
 Effects of pesticides on structural properties (species diversity, 
abundance, biomass) and functions (organic matter breakdown, nutrient 
cycling) of soil ecosystems have rarely been studied in the field under 
tropical conditions. And predicting field effects based on data from 
laboratory studies is a challenge. Hence effects of chlorpyrifos on the 
diversity, abundance and biomass of earthworms and termites in relation to 
organic matter break down were studied in tropical soil (Chapter 6). To link 
laboratory results and realistic field conditions, doses relevant to normal 
agricultural practice, representing the laboratory EC50 for earthworm 
reproduction and double the EC50 were applied. Diversity, abundance and 
biomass of earthworms and termites were observed prior to application and 
1, 2, 3, 6 and 12 months after pesticide application. In addition, using litter 
bags, organic matter breakdown was investigated until complete 
decomposition in the control plots was achieved. Chlorpyrifos caused 
adverse effects on decomposition even 2-3 months after application. 
Biomass and abundance of earthworms and termites were also reduced and 
the decrease could be linked with decreased litter decomposition. 
Nevertheless effects on termites and earthworms were diminished after 6 
months and populations were completely recovered after 12 months. The 
faster litter decomposition rates under tropical conditions showed the 
importance of modifying the current standard guidelines on effects of 
pesticides in field conditions for use under tropical conditions. 
 In conclusion, effects of pesticides on earthworms under tropical 
conditions may depend on temperature, soil type, type of pesticide, 
toxicological endpoints measured and their interactions. Future 
investigations should be done with more pesticides using different 
endpoints and different soil organisms to increase the general knowledge of 
pesticide effects under these conditions. Degradation and fate of pesticides 
under tropical conditions should be linked with observed effects to enable a 
more realistic risk assessment 
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Samenvatting 
 
De toename van de agrarische productie in de tropen is in grote mate 
afhankelijk van het gebruik van bestrijdingsmiddelen. Bestrijdingsmiddelen 
zijn over het algemeen ook giftig voor niet-doelwit organismen en kunnen 
daardoor een nadelig effect hebben op het functioneren van de bodem. Om 
te komen tot een duurzame tropische landbouw is daarom informatie nodig 
over de effecten van bestrijdingsmiddelen op nuttige organismen, zoals 
regenwormen, die een belangrijke rol spelen in het bodemecosysteem. 
Risico’s van bestrijdingsmiddelen in de tropen worden echter nog zelden 
onderzocht. En indien een risicobeoordeling in de tropen wordt uitgevoerd, 
dan gaat deze vaak uit van gegevens die zijn verzameld onder gematigde 
omstandigheden. Het is onzeker of een dergelijke benadering ook 
toepasbaar is voor de tropen gelet op de grote verschillen in 
klimaatomstandigheden. Het is daarom van groot belang kennis te 
verzamelen over de giftigheid van bestrijdingsmiddelen en de daaruit 
voortvloeiende mogelijke ecologische effecten onder tropische 
omstandigheden.  
 Het doel van het onderzoek dat in dit proefschrift wordt beschreven was 
het bepalen van de giftigheid van enkele geselecteerde bestrijdingsmiddelen 
voor regenwormen onder tropische omstandigheden. De effecten werden 
onderzocht door middel van gestandaardiseerde en aangepaste 
experimenten in het laboratorium en een veldstudie. Daarnaast was het 
onderzoek gericht op de ontwikkeling van nieuwe methoden voor 
ecotoxicologisch onderzoek in de tropen. 
 In Hoofdstuk 2 werd de hypothese onderzocht dat temperatuur en 
bodemtype de kritische factoren zijn die de giftigheid van een 
bestrijdingsmiddel bepalen. Het effect van drie veel gebruikte 
bestrijdingsmiddelen, chloorpyrifos, carbofuran and carbendazim, op de 
overleving, groei en reproductie van de standaard testsoort Eisenia andrei 
werd onderzocht in verschillende gronden bij temperaturen die 
representatief zijn voor gematigde en tropische omstandigheden. Voor 
overleving was de giftigheid van chloorpyrifos and carbofuran in een 
standaard kunstgrond hoger bij 26 °C dan bij 20 °C. In natuurlijke gronden 
was carbofuran echter giftiger bij 20 °C, terwijl chloorpyrifos weer het 
meest giftig was bij 26 °C. De hogere activiteit van regenwormen bij een 
hogere temperatuur zou kunnen leiden tot een verhoogde opname van 
bestrijdingsmiddelen en daarmee de hogere gevoeligheid bij tropische 
temperaturen kunnen verklaren. Subletale effecten op groei en reproductie 
vertoonden echter geen duidelijk verschil tussen de geteste temperaturen 
maar verschilden tussen de geteste gronden. Dit suggereert dat het type 
bestrijdingsmiddel en het bodemtype belangrijker zijn voor de gevoeligheid 
van subletale parameters dan de temperatuur. Carbendazim was minder 
giftig voor zowel overleving als groei en reproductie bij 26 °C dan bij 20 °C. 
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Dit suggereert dat de temperatuur invloed heeft op de stabiliteit van dit 
middel, met een lagere toxiciteit als gevolg van een snellere afbraak bij een 
hogere temperatuur. De resultaten verkregen in Hoofdstuk 2 laten zien dat 
de giftigheid van bestrijdingsmiddelen voor regenwormen kan verschillen 
afhankelijk van temperatuur en bodemtype. Gegevens verkregen onder 
gematigde omstandigheden zijn daarom niet direct toepasbaar voor de 
risicobeoordeling in de tropen. 
 De risicobeoordeling van stoffen in de tropen gaat vaak uit van 
gegevens verkregen voor de compost- of mestwormen Eisena fetida en 
Eisena andrei. Deze soorten, die vooral in gematigde zones voorkomen, 
worden niet of nauwelijks gevonden in natuurlijke gronden en zijn daarom 
minder ecologisch relevant. Een goed alternatief zou een soort kunnen zijn 
die wel van nature voorkomt in tropische bodems. Om deze reden is in 
Hoofdstuk 3 de giftigheid van chloorpyrifos, carbofuran and mancozeb 
bepaald voor de tropische regenworm Perionyx excavatus. 
Bestrijdingsmiddelen worden op de markt gebracht in de vorm van 
geformuleerde producten; de giftigheid van deze formuleringen krijgt echter 
nog weinig aandacht. In Hoofdstuk 3 is ook de giftigheid van deze drie 
zuivere actieve stoffen vergeleken met die van geformuleerde producten. 
Carbofuran was het meest giftig voor Perionyx excavatus onder tropische 
omstandigheden, gevolgd door chlorpyrifos en mancozeb. Wanneer 
effecten op de overleving worden vergeleken met de toxiciteitsgegevens die 
in Hoofdstuk 2 zijn beschreven, blijkt Perionyx excavatus gevoeliger te zijn 
voor chloorpyrifos en carbofuran dan de standaard testsoort Eisenia andrei. 
Het verschil in gevoeligheid is echter klein wanneer gekeken wordt naar 
subletale effecten op groei en reproductie. De formuleringen waren over het 
algemeen iets giftiger dan de zuivere stoffen, maar het verschil was niet 
groot. Dit suggereert dat de giftigheid van de formuleringen gemaskeerd 
kan worden door interacties met de bodem. Hoofdstuk 3 laat ook zien dat 
Perionyx excavatus een goed alternatief is voor toxiciteitstoetsen met 
regenwormen in de tropen, en dat daarbij de beschikbare gestandaardiseerde 
toetsrichtlijnen voor Eisenia sp. een goed uitgangspunt vormen. 
 De risicobeoordeling van bestrijdingsmiddelen in de tropen wordt 
belemmerd door een gebrek aan snelle en goedkope testmethoden. Recent is 
voor regenwormen een toets op ontwijkingsgedrag ontwikkeld, die een 
alternatief zou kunnen zijn voor de langer durende standaard 
toxiciteitstoetsen. In Hoofdstuk 4 is het ontwijkingsgedrag van 
regenwormen onderzocht met de standaardsoort Eisenia andrei en de 
tropische soort Perionyx excavatus. Hiervoor is een tweekamer systeem 
gebruikt en de testen werden uitgevoerd met de standaard kunstgrond en 
een natuurlijke grond bij een representatieve tropische temperatuur van 26 
°C. De EC50 waarden voor het effect van chloorpyrifos en carbofuran op het 
ontwijkingsgedrag lieten zien dat Eisenia andrei een factor 2-3 gevoeliger 
was dan Perionyx excavatus. Opmerkelijk was dat Perionyx excavatus 
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aangetrokken leek te worden door lage concentraties van beide 
bestrijdingsmiddelen in beide gronden. Dit laat zien dat de resultaten van 
ontwijkingstoetsen met locale regenwormsoorten tot verkeerde conclusies 
over de risico’s van een bestrijdingsmiddel kunnen leiden. Vergelijking met 
gegevens uit de literatuur liet zien dat het ontwijkingsgedrag van 
regenwormen over het algemeen minder gevoelig is dan reproductie maar 
meer gevoelig dan overleving. De toets op ontwijkingsgedrag zou daarom 
een eerste stap kunnen zijn in de risicobeoordeling van 
bestrijdingsmiddelen in de tropen. 
 In toxiciteitstoetsen met regenwormen volgens internationaal 
gestandaardiseerde richtlijnen wordt gebruik gemaakt van een kunstgrond, 
die wordt samengesteld uit zand, kaolien (pottenbakkersklei) en veenmos 
(Sphagnum) turf. Toenemende kosten, beperkte beschikbaarheid en 
milieuoverwegingen ten aanzien van het gebruik van veenmosturf vragen 
om de ontwikkeling van een kunstgrond die toepasbaar is in de tropen. 
Daarom is in Hoofdstuk 5 de geschiktheid van enkele lokaal beschikbare en 
milieuvriendelijke alternatieven onderzocht. Het betrof hier 
gecomposteerde of niet-gecomposteerde kokosturf, zaagsel en het kaf van 
rijst (paddy husk). Kunstgronden werden bereid met deze materialen als 
vervanging van veenmosturf. Als een eerste stap werden overleving, groei 
en reproductie van Eisenia andrei bepaald in de aangepaste gronden en in 
de standaard kunstgrond. De gronden bereid met gecomposteerde kokosturf 
en ‘paddy husk’ bleken het meest geschikt te zijn. Deze gronden werden 
vervolgens gebruikt om de giftigheid van chloorpyrifos, carbofuran en 
carbendazim voor Eisenia andrei te bepalen. LC50 waarden voor het effect 
van deze drie bestrijdingsmiddelen op de overleving van de regenwormen 
verschilden niet voor de aangepaste gronden en de standaard kunstgrond. 
EC50 waarden voor het effect op de reproductie waren vrijwel gelijk in de 
standaard kunstgrond en de grond bereid met gecomposteerde kokosturf, 
maar lager in de grond met ‘paddy husk’. Dit suggereert dat kokosturf het 
meest geschikt is als alternatief voor veenmosturf in tropische 
ecotoxicologische toetsen. De mogelijkheden tot standaardisatie van dit 
materiaal moeten echter nog verder onderzocht worden.  
 De effecten van bestrijdingsmiddelen op de structuur (soortdiversiteit, 
aantallen, biomassa) en het functioneren (strooiselafbraak, de omzetting van 
nutriënten) van bodemecosystemen zijn nog nauwelijks onderzocht in de 
tropen. Het voorspellen van effecten van stoffen op deze parameters op 
basis van laboratoriumgegevens is een van de belangrijkste uitdagingen in 
de ecotoxicologie. Om die reden is in Hoofdstuk 6 het effect van 
chloorpyrifos bepaald op de diversiteit, de aantallen en de biomassa van 
regenwormen en termieten en de afbraak van organisch materiaal in de 
bodem onder tropische omstandigheden. Om de resultaten te kunnen 
vergelijken met die van laboratoriumtesten werden doseringen gekozen die 
representatief zijn voor de praktijktoepassing van chloorpyrifos en 
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overeenkomend met de EC50 voor effecten op de reproductie van 
regenwormen en twee maal de EC50. De diversiteit, aantallen en biomassa 
van regenwormen en termieten werden bepaald voor en 1, 2, 3, 6 en 12 
maanden na de toepassing van chloorpyrifos. Daarnaast werden 
strooiselzakjes (litter bags) ingegraven, waarin de afbraak van organisch 
materiaal werd gevolgd tot het volledig was afgebroken in de onbehandelde 
controleveldjes. Chloorpyrifos had een nadelig effect op de strooiselafbraak 
tot 2-3 maanden na toepassing. De biomassa en de aantallen regenwormen 
en termieten waren ook afgenomen, wat de verminderde strooiselafbraak 
kan verklaren. Zes maanden na toepassing waren de effecten op 
regenwormen en termieten al sterk verminderd, de populaties waren 
volledig hersteld na 1 jaar. De snelle strooiselafbraak die in dit experiment 
werd waargenomen laat zien dat de huidige richtlijn voor het uitvoeren van 
litterbag studies naar het effect van bestrijdingsmiddelen aangepast moet 
worden bij toepassing onder tropische omstandigheden.  
 Concluderend kan gesteld worden dat het effect van 
bestrijdingsmiddelen op regenwormen onder tropische omstandigheden kan 
afhangen van temperatuur, bodemtype, type bestrijdingsmiddel, 
toxicologisch eindpunt en de interactie tussen deze factoren. Nader 
onderzoek met meer verschillende bestrijdingsmiddelen, focus op 
verschillende eindpunten en met meerdere soorten testorganismen is nodig 
om de kennis van bestrijdingsmiddelen onder tropische omstandigheden te 
vergroten. Naast inzicht in effecten moet ook kennis over de afbraak en het 
gedrag van bestrijdingsmiddelen onder tropische omstandigheden worden 
meegenomen om te komen tot een meer realistische risicobeoordeling. 
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